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Abstract
The formation of pearlite and the growth mechanisms for the transformation are complex. 
This is due to a number of factors including, the ‘choice’ of lamellar spacing, multiple 
diffusion paths, the possibility of various distinct interfacial equilibrium criteria, variations in 
colony morphology and the disputed role of defects at the growth interface. To explain the 
growth mechanism of pearlite essentially two rival mechanisms have been proposed. One 
mechanism is generally referred to as the Zener-Hillert mechanism and assumes that atomic 
addition to an incoherent interface occurs. The second mechanism is referred to as the ‘ledge 
mechanism’, in which atomic addition occurs only at ledge risers on a semi-coherent 
interface. Neither of these approaches is able to explain all of the characteristics of the 
pearlite transformation.
This study aims to to clarify the nature of the pearlite growth mechanism. More specifically, 
compositional changes at the nanoscale close to the growth front in a Fe-1.2C-12Mn alloy, 
have been studied for the first time using Scanning Transmission Electron Microscopy 
(STEM). Data relating to the kinetics of transformation and interface structures were also 
gathered. The eutectoid transformation was studied in this way over the temperature range 
of640°C-500°C.
In common with previous studies of a variety of alloys, in this alloy the interlamellar spacing 
decreases as the undercooling is increased and during the course of isothermal heat treatment 
the growth velocity of the colonies slows. The STEM composition profiles showed that full 
partitioning of Mn occurs over all of the temperature range investigated. This, and other 
evidence, strongly indicates that the diffusion path for Mn is along the growth interface and 
not via long range diffusion in the austenite. It was also observed that structural features that 
appear at the growth interface are most likely artefacts created by stacking fault intersection 
with the growth interface and are not growth ledges.
A reassessment of the two models proposed to describe the growth mechanism of pearlite, 
using the experimental results of this study and the vast literature, concludes that neither of 
the classic models fits with the available data.
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1 Introduction
Pearlite is a two phase lamellar microconstituent that occurs in both ferrous and non-ferrous 
alloys as a consequence of eutectoid decomposition. Alloys with a pearlitic microstructure, 
or content, are commercially used for a wide range of applications. Examples of their 
application include high strength wires, ropes for suspension bridges, reinforcement cord for 
tires, cutting tools and rail steels. The reasons for the wide range of applications is that the 
lamellar microstructure can be manipulated to be hard, strong, highly wear resistant and yet 
maintain good ductility and toughness.
It has, however, been a long standing issue that the full details of the pearlite growth 
mechanism remain unclear. It is important to obtain a better understanding of the growth 
mechanism as it will aid in the development of lamellar microstructures to produces alloys 
with improved mechanical properties.
There are, broadly speaking, two rival mechanisms that have been proposed. One mechanism 
assumes atom-by-atom addition to the product phases, and is generally referred to as the 
Zener-Hillert mechanism (Zener, 1945), (Hillert, 1957), (Hillert, 1972). The second 
mechanism proposes that the growth interface advances by lateral migration of ledges and is 
referred to as the Tedge mechanism’ (Hackney & Shiflet, 1987). In this latter mechanism 
atoms arrive only at ledge risers.
The Zener-Hillert mechanism has been used as the basis for a very large number of 
publications over last sixty years, or so. The models attempt to predict the growth rate of 
pearlite in both ferrous and non-ferrous alloy. However, when comparisons are made 
between the theoretical results and experimental data the models often fail to predict the 
experimentally determined growth rates. In addition to the issue of estimating the growth 
rates, the Zener-Hillert approach neglects any influence that crystallography may have on the 
transformation.
More recently, increasing experimental evidence has indicated that crystallography plays a 
role in pearlite growth. Such observations led to the development of the Tedge mechanism’ 
first proposed by Hackney and Shiflet (1987). The original work of Hackney and Shiflet 
(1987) that proposed the Tedge mechanism’ for the eutectoid transformation directly 
conflicts with the Zener-Hillert approach (Zener, 1945), (Hillert, 1957), (Hillert, 1972) in 
that atomic addition occurs only at ledge risers, and not at smoothly curved lamellae tips.
Both of the rival mechanisms mentioned focus on the growth interface between the pearlite 
phases and the parent phase, and this is the main area studied in this investigation.
This study examines a highly alloyed Fe-C-Mn steel in order to further understand the 
mechanism of the eutectoid transformation. It has focused on the composition of the parent 
and product phases at the growth interface, structural features at the interface and the general 
characteristics of the pearlite transformation within the three phase region over the 
temperature range of 640°C-500°C. Heat treatments were chosen to give a variety of 
interlamellar spacing and to allow only enough of the eutectoid transformation to occur so 
that hard impingement, or breakdown of the colonies, was limited.
Reflected Light Microscopy (RLM) and Scanning Electron Microscopy (SEM) were used for 
the microstructural characterisation of the pearlite colonies and were used to determine 
parameters such as pearlite volume fraction and growth rate, as a function of temperature. 
Scanning Transmission Electron Microscopy (STEM) was used extensively to directly 
measure the composition of the parent and product phases and to characterise the growth 
interface at high spatial resolution. No previous study has examined the phase compositions 
at the nanoscale while examining the interfacial features of pearlite for this system or indeed 
any other system.
The thesis is divided into eight chapters. Chapter 2 introduces and critically reviews the 
literature on pearlite growth; this includes: nucléation, sidewise growth, interlamellar 
spacing, thermodynamic and kinetic models and aspects of crystallography involved in the 
growth of pearlite. Chapter 3 gives details of the experimental procedures and methods used 
to produce the necessary experimental data. The experimental results on the evolution of the 
pearlite colony and growth kinetics are presented in chapter 4. The nanoscale analysis of the 
growth interface is separated into two chapters, with chapter 5 containing the chemical 
analysis and chapter 6 presenting data on the structural features of the growth interface. 
Chapter 7 reassesses the overall growth mechanism of pearlite and aspects of the current 
theories for pearlite growth, with respect to the experimental results obtained during this 
study. Finally chapter 8 draws conclusions from this work and addresses the key areas for 
further study.
2 Literature review
2.1 Chapter synopsis
Pearlite has been studied since it was first observed in the late 19* century and because of 
this there is a large area of literature to review. The following section will be discussing the 
key aspects of the eutectoid transformation. Starting with an introduction of what pearlite is, 
moving onto the first studies conducted on pearlite that investigated different features of 
pearlite including nucléation, sidewise growth and interlamellar spacing and then covering 
the main approaches used to explain the growth mechanisms.
2.2 Introduction to Pearlite
The mechanical properties of any metal strongly depend on its microstructure. In ferrous 
alloys several phases and microconstituents can be obtained as listed below:
• Austenite: y-iron, a metallic non- magnetic allotrope of iron or a solid solution of 
iron.
• Ferrite: a-iron, with a body centred cubic (bcc) crystal structure. It is the component 
that gives steel their magnetic properties.
• Cementite: iron carbide (FegC), is a chemical compound with an orthorhombic 
crystal structure that is hard and brittle.
• Pearlite: a two-phased, lamellar structure composed of alternating layers of ferrite 
and cementite.
• Bainite: a non-lamellar structure, commonly consisting of ferrite, cementite and 
retained austenite. It differs from pearlite as the ferrite is formed by a displacive 
mechanism followed by precipitation of carbides.
• Martensite: refers to a crystal structure that is formed by displacive transformation 
and is a very hard crystalline structure.
As shown figure 2.1, by careful consideration of the composition and the heat treatment 
applied, the microstructure of an alloy can be altered. For more details about the phases and 
microconstituents see Bhadeshia & Honeycombe (2006).
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Figure 2.1: a) Time Temperature Transformation (TTT) curve for a eutectoid steel 
with superimposed paths of isothermal and continuous cooling, b) Equilibruim phase 
diagram of the Fe-FcsC system. After Ohring (1995).
2.3 Earliest Studies of Pearlite
Pearlite is a constituent that occurs in both ferrous and non-ferrous alloys, and generally 
leads to an increase in the strength to the material because of its fine lamellar structure. 
Pearlite was first observed by Henry Clifton Sorby (1886). When examining plain carbon 
steel, a microstructure consisting of dark etched areas, that were later found to be lamellae of 
ferrite and cementite.
One of the first theories of how pearlite grows was proposed by Benedicks (1905), who 
suggested that pearlite was the product of a series of decomposition reactions starting with 
martensite. Benedicks’s theory was challenged by Le Chatelier (1905), who proposed that 
pearlite forms directly from austenite. A study conducted by Howe and Levy (1916), on how 
the heating and cooling affected the microstructure of a near-eutectoid steel, demonstrated
that a nucléation and growth process is involved in the formation of pearlite. This was 
further supported by the study of Carpenter and Robertson (1932) who applied different 
cooling rates to show that pearlite would nucleate and grow into the untransformed austenite.
Belaiew (1922) noted that during eutectic solidification, lamellar multiplication was 
accomplished by repeated nucléation, as suggested by Vogel (1912), and proposed that 
sidewise nucléation in pearlite was enhanced by solute depletion and rejection. Carpenter 
and Robertson (1932), argued that pearlite formed by simultaneous edgewise growth and 
sidewise nucléation. At the time it was this combined edgewise growth and sidewise growth, 
by repeated nucléation that became the accepted view of pearlite formation. For more details 
of the earliest studies of pearlite see Howell (1998).
2.4 Nucléation
Nucléation can occur at grain boundaries that are ‘clean’ or on another phase, such as one of 
the two pro-eutectoid phases or inclusions. An example of an idealised nodule that has 
nucleated on a ‘clean’ grain boundary is shown in figure 2.2.
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Figure 2.2: Idealised pearlite nodule consisting of alternate a and p phases, nucleated 
on a ‘clean’ grain boundary. yi and y2 denote austenite grains, a and p are the lamellar
phases.
The nucléation rate of pearlite is dependent on various parameters such as, time, temperature 
and grain size. The nucléation rate increases with time but decreases with temperature. 
Increasing the austenite grain size will decrease the nucléation rate, as the number of 
available nucléation sites is decreased. The chemical heterogeneity affects the rate as well, as 
first shown by Mehl and Hagel (1956) in their review of the kinetics of pearlite reaction.
Other studies have investigated the effects of alloying additions on the nucléation rate. 
Parcell and Mehl (1952) observed that the addition of nickel and molybdenum to ferrous
alloys decreased the nucléation rate. Hawkes and Mehl (1947) investigating the effects of 
cobalt, observed an increase of nucléation rate.
The various parameters that affect the nucléation rate of pearlite are understood, the next 
topic concerning nucléation is the active nucleus.
The active nucleus has been a feature of the literature on pearlite for over seventy years. It is 
defined as the first phase to form, either ferrite or cementite. Hull and Mehl (1942) proposed 
that cementite was the active nucleus, however the data used for proposing this hypothesis is 
questionable. The reason for questioning the results are that single crystals with 
Widmanstatten ferrite morphology were examined, therefore neglecting the fact that pearlite 
normally nucleates at grain boundaries or from pro-eutectoid phases that are allotriomorphic. 
A study conducted by Hultgren (1960) who, by deep-etching samples and using a polarised 
light microscope, observed that the ferrite phase in 60-80 % of the pearlite colonies had the 
same orientation as the adjoining pro-eutectoid ferrite and concluded that the pro-eutectoid 
ferrite was the active nucleus of pearlite.
A pearlite colony, nucleating from either pro-eutectoid ferrite or cementite, will have the 
same orientation as the precursor and be continuous throughout the pearlite colony, as 
various studies have shown Dippenaar and Honeycombe (1973), Mangan and Shiflet (1999), 
Zhang and Kelly (2009) and Hillert (1962). This is the conclusion Hillert (1962) made when 
he argued that, in hypereutectoid steels, cementite will normally form first and be the active 
nucleus and for hypoeutectoid steels ferrite will be the active nucleus.
However, a study by Zhang and Kelly (2009), who investigated the morphology and 
formation mechanism of pearlite in steels, observed that in hypoeutectoid steels, the nucleus 
for pearlite is a film of cementite rather than proeutectoid ferrite and that, for hypereutectoid 
steels, the nucleus for pearlite is a film of ferrite and not proeutectoid cementite.
In conclusion, the active nucleus can be either ferrite or cementite, but it depends on 
temperature of the transformation and the composition of the alloy. When the boundaries are 
‘clean’, i.e. no pro-eutectoid phase is present; the understanding of the active nucleus is more 
difficult as nucléation has been rarely observed without the presence of a proeutectoid phase.
2.5 Sidewise Growth
In early studies of pearlite growth, it was perceived that pearlite grows by repeated sidewise 
nucléation. This hypothesis of repeated nucléation was convincingly challenged by Hillert 
(1962), who used serial sectioning and imaging to demonstrate that the pearlite colonies 
consisted o f inter-penetrating bi-crystals, one of ferrite and the other cementite. Hillert
proposed that sidewise growth of pearlite is achieved by a branching mechanism and not 
repeated nucléation. This was supported by the study of Dippenaar and Honeycombe (1973), 
who investigated the crystallography and nucléation of pearlite. The Transmission Electron 
Microscopy investigation revealed evidence for branching and the holes within lamellar 
through which the other phase could pass. More recently the following studies have all 
shown evidence in support of Hillert’s theory:
• Lee and Park (1995), of sequential branching for the sidewise growth of pearlite.
• Mangan and Shiflet (1999), of how the orientation relationship varies as a function
of undercooling
• Krai et al. (2000), three dimensional analysis of microstructures
• Graef, Krai and Hillert (2006), 3-D imaging of pearlite colonies
• Adachi et al. (2008), 3-D visualization of twisted cementite lamellae
• Zhang and Kelly (2009), morphology and formation mechanism
Studies by Thompson and Howell (1988) and (1998), however, highlighted that repeated 
nucléation could be a possible mechanism of lamellar multiplication. However, the 
mechanism proposed is based on work with hypoeutectoid steels and that proeutectoid ferrite 
is the active nucleus; as previously discussed, the active nucleus is an area of uncertainty.
2.6 Interlamellar Spacing
Since the earliest observation of pearlite in ferrous alloys, it was evident that its lamellar 
spacing, 2, is important to any growth mechanism being considered. However, caution is 
needed when discussing lamellar spacing because of the variety of ways it can be defined. 
Within the literature, there are at least five different terms for lamellar spacing. One of the 
reason for the variations is due to the difficulty making observations of a 3-D structure in a 
two dimensional image. It is useful to define the true spacing A, which is the actual distance 
between the midpoints of the same phase’s lamellae. This is shown in figure 2.3. The 
measured spacing that is observed on a polished section is termed the apparent spacing, 2^, 
see figure 2.3 Another spacing that can be used is the intercept spacing 2/, which is 
determined by placing a random line on a given section and point counting to measure the 
spacing. Two further terms that are frequently used to help describe pearlite are the 
minimum lamellar spacing observed, and the theoretical minimum spacing, 2^ .
Figure 2.3: Definitions of true, k, apparent, and intercept, Xi, spacings for an ideal
lamellar structure.
Zener (1945) was one of the first researchers to consider that the higher the undercooling, the 
finer the interlamellar spacing. Zener demonstrated that there is a linear relationship between 
undercooling/temperature and the reciprocal of linear spacing, and this is discussed further in 
section 2.7.1. Pellisier et al (1942) conducted an investigation of pearlite spacing, and related 
the measured spacing to the true spacing and observed discrepancies that could only be 
accounted for due to the existence of a small distribution in lamellar spacing. This was also 
demonstrated by the work of Ridley (1984), who produced a critical review on all aspects of 
pearlite spacing.
Evidence of the distribution for various eutectoid systems is summarised in Table 2.1 below, 
where Xmin,, is the minimum spacing observed.
Table 2.1: Comparison of the true spacing to minimum spacing ratios.
After Whiting (1994).
System Reference
Cu-Al eutectoid, isothermally 
transformed
Asundi and West (1966)
Low C steel, slow cooled 
(essentially isothermal)
1.1-1.6 Birbeck and Wells (1968)
Zn-Al eutectoid, isothermally 
transformed
1.3-1.5 Boswell and Chadwick (1977)
Co containing eutectoid steel, 
directionally grown
1.25 Mellor and Edmonds (1977)
Fe-C-Mn eutectoid steel 1.24 Ridley (1984)
Ridley (1984), through simple geometry, produced the following formulae relating the 
different pearlite spacings and the specific interfacial area, assuming ideal lamellar 
geometry.
— — (Eq 1)
=-(Eq2)
X, = 2A(Eq3)
2.7 Kinetic models
2.7.1 The Zener-Hillert Approach for Carbon Volume diffusion
As mention in the previous section the importance of both lamellar spacing and diffusion in
pearlite growth, means that a model of the growth kinetics of pearlite must account for both 
the choice of a specific lamellar spacing and the relevant mass transport process, or 
processes. In this section models that explain these features and how they are related are 
going to be discussed.
Zener (1945), first came up with a hypothesis based on that pearlite would grow at a 
maximum velocity when the pearlite was twice the theoretical minimum spacing, 2^ . Zener 
made use of the theoretical minimum spacing (mentioned above), noting that it is defined as 
the spacing for which all the free energy gained due to the transformation is used to create 
the interface between the ferrite and cementite phases. To produce an equation to show the
relation between temperature and spacing, Zener considered that, when a nodule grows, the 
free energy remains the same in a region that has a cementite phase and ferrite phase. The 
region would have a depth, W and grow a distance, dX, Then the volume of austenite that 
would be transformed would be Xg- W -dX with a mass pXg' W • dX with p being density. The 
free energy, that is available at the temperature, T, when the new interfaces form is
Eq.4;
^  • pAo • ■ dX  (Eq4)
Q = Heat of transformation per unit mass 
Te = Eutectoid temperature
As the increase of the total interface is W-2dX, the iherease in the interface energy, AG\ is 
given by Eq. 5;
AG^ = 2 ' a  ' W  ' dX  (Eq 5)
Where <j is the interfacial energy between the ferrite and eementite.
By equating Eq 4 and Eq 5 the theoretieal minimum spacing is:
Where AHyis the enthalpy of the pearlite reaction.
Using the relationship mentioned previously for temperature and lamellar spacing combined 
with the theory of Hillert (1957), Zener and Hillert developed a volume diffusion model for 
the growth of pearlite.
Hillert (1957) indieated that, during solid-state transformations, there can be two 
mechanisms that occur, either ‘separate growth’ or ‘cooperative growth’. When two phases 
that grow into the parent phase do so independently from one another, this is ‘separate 
growth’; if the new phases assist one another during growth, then this is ‘cooperative 
growth’. Hillert (1957) concluded that the mechanism for pearlite growth is a cooperative 
one. Firstly, Hillert considered the growth of the ferrite and cementite phases growing in the 
austenite in the direction of the lamellae edges. With !«, and 2p, being the thicknesses of the 
ferrite and cementite lamellae respectively and X, being the sum of 2«, and Xe, as shown in 
figure 2.4.
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Figure 2.4: The edgewise growth of pearlite.
Hillert assumed that the growth of the pearlite was due to the diffusion of carbon from the 
ferrite lamella tips to the neighbouring cementite lamella tips. It was assumed that diffusion 
of the carbon between the lamellar tips only went through the austenite phase. Hillert also 
assumed that both the ferrite/austenite and cementite/austenite interfaces were planar. Hillert 
believed it was the carbon concentration difference at the interfaces that was the driving 
force for the diffusion with C /“, and being the equilibrium carbon
concentrations in the austenite at the interfaces with the ferrite and cementite respectively, as 
shown in figure 2.5. However it had been suggested by Zener that the carbon concentration 
difference could be shown as (1- Ay 2) (C /“ -  due to the assumption the interfaces 
were curved. Zener further suggested that the effective distance for diffusion to the cementite 
lamellae was proportional to a geometric constant, a, (assumed to be unity).
Therefore, the diffusional flux of carbon to the cementite lamella, J, is given by Eq 7:
(Eq?)
As a consequence of this diffusion, the edge growth of the lamella proceeds with a velocity, 
Gv, which is proportional to the flux as given by Eq 8:
J =  -  C“) (Eq 8)
By assuming the ratio between the thicknesses of the ferrite and cementite phases is 
determined by the composition of the austenite phase far ahead of the growing interface, 
such that the total amount of carbon in the system is constant, and neglecting any volume 
change due to the transformation. By combining these assumptions with Eq 7 and Eq 8 the 
Zener-Hillert model for volume diffiision was derived as Eq 9:
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Gy : Growth velocity.
Dy : Volume diffusion coefficient.
a : Geometric constant (assumed to be 1).
fafe : Volume fraction of the phases.
CJ^ : Solute concentration in front of the growing phase. 
C“ Cf : Equilibrium solute concentrations in the two phases.
a
c“
a 0 a
Figure 2.5: Representation of carbon concentrations and volume diffusion mechanism.
2.7.2 The Zener-HUlert Approach for Boundary Diffusion
From various studies of the growth rate of solid-state transformations, it was evident that 
volume diffusion was not the sole mass transport mechanism determining the kinetics of 
various phase transformations. In a number of phase transformations, diffusion at the mobile 
boundary interface could be the rate controlling mechanism. Turnbull (1955), when 
investigating the growth rate of the discontinuous precipitation reaction, was one of the first 
to allude to the case of boundary diffusion. Therefore Hillert (1972) modified the Zener- 
Hillert model for volume diffusion to make it appropriate for boundary diffusion.
Instead of considering the cross section of where the diffusion occurs on the edges, the cross 
sectional area of the boundary layer was taken into account. The boundary layer thickness, 5, 
contributes to the diffusion mechanism represented by the boundary diffusion coefficient Db, 
as shown in figure 2.6. A factor of 2 had to be included due to the assumption that the
12
diffiision away fi'om the ferrite toward the cementite takes place in both directions. Similar to 
the volume diffiision model, the effective diffusion distance had to be addressed; it was 
considered proportional to instead of making the result independent of whether or not 
the ferrite or cementite was considered. The approximate diffusion distance was considered 
to be A/4, due to the assumption of it being a symmetrical case as this would be equal to ÀJ2. 
Hillert introduced a boundary segregation coefficient, s, for the ratio between alloying 
elements in the austenite near the boundary and at the boundary, so that the element 
concentration terms could still be represented. Following the modifications in the derivation, 
the equation for boundary diffusion controlled growth rate would be EqlO:
=  12s0Di 1 c r - c f  ^
f a f e  cO-c“ A2 (i - t ) (Eq. 10)
One point to note is the boundary diffusion parameter, sôDb, is usually considered as a single 
parameter due to difficulties of measuring D b , s , and ô, separately.
X
Figure 2.6: Representation of carbon concentrations and boundary diffusion
mechanism.
2.7.3 Other proposed diffusion mechanisms
The Zener-Hillert models for volume diffusion and boundary diffusion are accepted as good 
models for explaining the respective processes; however there are issues with applying Eq 9 
and Eq. 10. The main problem is that there is no single solution for these equations is 
possible due to the interdependence of Gy, and A. Because of this interdependence, a limiting 
criterion is necessary to give single solutions for both equations Eq 9 and Eq 10. Therefore,
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other diffusion mechanisms have been produced by selecting different criteria and the 
following section will discuss the models developed.
Hashiguchi and Kirkaldy (1984), developed a model that combined both volume and 
boundary diffusion. Hashiguchi and Kirkaldy (1984), assumed parallel mass transfer in the 
austenite ahead of the interface (i.e. volume diffusion) while combining it with diffusion 
along the interface (i.e. boundary diffusion). Considerations allowing for the Gibbs-Thomson 
effect at both the austenite/cementite and austenite/ferrite boundaries and for mechanical 
equilibrium at various interfacial junctions were included. As previously stated, a limiting 
criterion is necessary, and for the model, the authors used maximum entropy production rate, 
instead of the maximum velocity previously used in the Zener-Hillert models. To calculate
parameters and K^D^Ô, the average quantity for curvature of the interface, boundary 
diffusion eoefficient and boundary thickness, experimental data from Brown and Ridley 
(1969), was used. The reason for using the Brown and Ridley (1969) data set was because 
the alloy used in the study was purer than similar alloys used by Hull and Mehl (1942) and 
Frye, Stansbury and McElroy (1953). Comparing the author’s model with experimental data, 
as shown in figure 2.7, the model is a good fit with the experimental data, however this is not 
unexpected due to the parameters and values used in the model being obtained from the 
experimental data. When plotting the ratio of interlamellar spacing to critical interlamellar 
spacing, as shown in figure 2.7, the ratio was found to be closer to the value of 2. This 
implied that carbon transfer by boundary diffusion is greater than that by volume diffusion. 
As when using maximum entropy rate as the limiting criteria, the ratio is 3 for volume 
diffusion and 2 for boundary diffusion (Hashiguchi and Kirkaldy (1984). The results 
obtained by Hashiguehi and Kirkaldy (1984), indicate that pearlite growth in steels occurs 
not by one diffusion mechanism but by a combination of the fluxes from two diffusion 
mechanisms.
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Figure 2.7: Relation between temperature and growth rate, v, interlamellar spacing, S 
and ratio of S to critical spacing, S<,. Points are experimental and lines are calculated.
After Hashiguchi and Kirkaldy (1984).
Pandit and Bhadeshia (2011), created a combined diffusion model, similar to that of 
Hashiguehi and Kirkaldy (1984). Pandit and Bhadeshia (2011) used similar assumptions but 
did not include the effect of mechanical equilibrium at the interfacial junctions. Though the 
Pandit and Bhadeshia (2011) model used the same experimental data as that used by 
Hashiguchi and Kirkaldy (1984) to calculate activation energies and interfaeial energies. 
Pandit and Bhadeshia (2011) obtained different results. The reasons for the difference could 
be that they used an entropy change that was not independent of temperature, so that both 
enthalpy and entropy changes were calculated using MTDATA (NPL 2006). The second 
reason could be that different growth rate equations were used. When comparing the Pandit 
and Bhadeshia (2011) simplified model with other models and experimental data as shown in 
figure 2.8, the simplified model fits the experimental data quite well. However this is not 
surprising due to the same reasons as the Hashiguehi and Kirkaldy (1984), study discussed 
earlier.
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Figure 2.8: Temperature versus pearlite growth rate plot for Fe-0.8C wt% steel. Solid 
lines are calculated. The data from Brown and Ridley (1969) based on particle size 
analysis. After Pandit and Bhadeshia (2011).
With the usage of perturbation models, Sundquist (1968), who by considering boundary 
diffusion investigated the shape change of the lamellar front within the range of the steady 
state Gv versus À relation. From the resulting simulations, Sundquist (1968) observed several 
interesting results. Firstly, when the interlamellar spacing is small, the growth velocity will 
be less than that at neighbouring lamellae, therefore the bigger lamellae will begin to 
outgrow the smaller ones, leading to their termination. This leads to a situation where any 
spacing with a velocity smaller than the maximum growth velocity will be unstable and will 
change to reach the maximum velocity. This was referred to as the lower catastrophic limit. 
The second mechanism the author observed was an upper limit that the interlamellar spacing 
can adopt and remain in a steady-state. If the limit were to be exceeded, then the growth 
interfaces would become concave with respect to the parent austenite phase, leading to two 
possible outcomes. One outcome would be the exposure of a new cementite/austenite 
interface that would result in the branching of a new lamella or, the other outcome, a 
cylinder of austenite could become isolated and shrink in diameter until a new cementite 
phase can nucleate, again lead to branching. A schematic representation of the phenomenon 
described is shown in figure 2.9.
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Figure 2.9: Schematic representation of pearlite-austenite interface shapes as a function 
of interlamellar spacing. After Sundquist (1968).
When comparing the theoretical model with experimental data, as shown in figure 2.10, the 
results support Sundquist’s theory that pearlite interlamellar spacing is controlled by an 
‘upper catastrophic limit’. The interlamellar spacing is on the verge of instability with 
respect to the formation of a new cementite lamella forming at the centre of the 
ferrite/austenite interface.
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Figure 2.10: Curve F: Maximum interlamellar spacing model compared to 
experimental data of Pellisier, et al. (1942). After Sundquist (1968).
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2.7.4 Multi-Phase Field Studies
Over the past decade, a new approach into the modelling of microstructure evolution has 
been developed and has been increasingly used, called phase field modelling. Phase field 
models have been used to simulate solidification and solid-solid phase transformations. 
Phase field models can be separated into two distinct types, one type called ‘indicator field 
models’ and the other is referred to as ‘physical order parameter models’. In ‘indicator field 
models’ the phase fields play the role of indicator variables that identify individual 
thermodynamically different phases/grains with different orientations, and are used to assign 
the material data to the phases/grains. Models for solidification and phase-field models for 
coupled problems are usually based on the ‘indicator field model’. The ‘physical order 
parameter models’ use physically measurable material’s properties as the principal order 
parameters. Examples of ‘physical order parameter models’ are models for phase separation 
and martensitic transformation. For more details of phase field models see the review by 
Chen (2002).
The phase field models that have been used for simulating pearlite transformation are multi­
phase field models and these are classed as a prototype of an ‘indicator field model’. 
Nakajima, Apel and Steinbach (2006), conducted a multi-phase field study that considered 
cooperative growth of pearlite for a eutectoid steel. The model considered diffusion of 
carbon through the austenite phase ahead of the growth interface, but also considered the 
diffusion of carbon through the ferrite phase to the cementite phase as shown in figure 2.11.
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Figure 2.11: Diffusion paths used in Nakajima multi-phase field study. After Nakajima
Apel and Steinbach (2006).
With their model, Nakajima, Apel and Steinbach (2006) estimated lamellar spacing and 
growth velocity for different values of undercooling/temperature. Results from the 
simulations for diffusion only through the austenite phase, for very small lamellar spacing, 
showed that the ferrite phase overgrows the cementite phase and stops it growing further. At 
medium spacing, the growth velocity was found to reach a maximum rate before decreasing, 
as the lamellar spacing was increased. When adding diffusion through the ferrite phase, it 
was observed that the growth velocity was roughly four times higher than diffusion through 
the austenite. When plotting the simulated results against experimental results and 
predictions using the Zener-Hillert approach for carbon volume diffusion, as shown in figure
2.12, for the single diffusion method, the simulation shows a similar behaviour to the Zener- 
Hillert model, but does not reach the velocities found in the experimental results. When 
considering the double diffusion approach, it again does not reach the experimental results 
but does indicate that diffusion through the ferrite phase could have an influence on pearlite 
transformation kinetics. When considering diffusion through the ferrite phase, the cementite 
formed in a conical growth shape, pointing towards the growth front. However, this 
observation has not been reported in any previous studies. It should be noted that it is hard to 
be convinced by the Nakajima, Apel and Steinbach (2006) results due to the difficulty in 
selecting an appropriate value for interface mobility and the uncertainties in diffusion data.
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In the conclusion of Nakajima, Apcl and Stcinbach’s (2006) study, the authors indicate that 
the difference between the theoretical model and experimental results could be due to the 
influence of transformation strain and strain due to inhomogeneous carbon concentration. 
These suggestions were investigated by Steinbach and Apel (2007),
Steinbach and Apel (2007) created a model, which also used the multi-phase field modelling, 
to examine the effect of stress and strain on the growth mode and on the transformation 
kinetics of pearlite in eutectoid steel, Steinbach and Apel (2007), used similar assumptions to 
Hillert (1957), therefore it could be classed as a direct extension of Hillert’s modelling 
approach. From the simulations when considering concentration and stress gradients, 
Steinbach and Apel (2007) deduced that the rate-controlling mechanism is diffusion through 
the ferrite phase, similar to the results observed by Nakajima, Apel and Steinbach (2006), 
When considering the transformation strain, interesting observations were found. Needle-like 
growth of the cementite phase were observed ahead of the ferrite phase, as shown in figure
2,13, Steinbach and Apel (2007) proposed this as a new growth mode, referred to as 
‘staggered growth’. When comparing ‘staggered growth’ with the Zener-Hillert approach 
and experimental results, as shown in figure 2,12, it can be seen that ‘staggered growth’ 
could contribute to the transformation of pearlite. However, two issues should be pointed 
out: though the ‘staggered growth’ mode has been mentioned by other authors, the 
micrographs do not sufficiently prove the existence of the growth mode. The second issue is 
due to the computational limitations and numerical uncertainties, similar to the Nakajima, 
Apel and Steinbach (2006),
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Figure 2.12: Comparison of the growth rate of pearlite versus temperature 
(undercooling) between the Zener-Hillert model, phase-field simulations and 
experiment. After Steinbach and Apel (2007).
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Figure 2.13: Schematic picture of the staggered growth mode. The large molar volume 
of cementite promotes positive strain and tensile stress in austenite around the tip of 
the cementite platelet. Between the platelets austenite is under negative strain and 
compressive stress. Correspondingly carbon is forced to diffuse away from the 
austenite ferrite interface towards the tip of the cementite plate. After Steinbach and
Apel (2007).
As suggested by Nakajima, Apel and Steinbach (2006) and Steinbach and Apel (2007), grain 
boundary diffusion could contribute to the difference between theoretical approaches and 
experimental data. Yamanaka et al (2008) developed a phase-field model based on the 
generalized multi-phase-field method proposed by Steinbach and Pezzolla (1999), to 
investigate the effect of grain boundary diffusion. From the simulations, it was observed that 
increasing the rate of grain boundary diffusion increased the growth velocity but, in common
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with the previous models, the interface velocity does not reach the same velocity observed 
by experimental results.
2.7.5 Formation of pearlite in Fe-C-X systems
Pearlite is a reconstructive process and therefore requires the redistribution of atoms. 
Compared to understanding the diffusion processes involved in the growth of proeutectoid 
ferrite from austenite in ternary systems, the situation for the growth of pearlite is more 
complicated due to the additional phase present. As with a ternary system involving carbon 
and a slow diffusing substitutional element, different diffusion paths can be present. The 
possible paths of diffusion in the growth of pearlite can be through the austenite, 
pearlite/austenite interface or a mixture of both.
From the investigation by Hultgren (1951), pearlite transformation involved the partitioning 
of the alloy additions. Hultgren introduced two terms that described pearlite: orthopearlite, 
where the alloying elements redistribute/partition between the pearlitic phases and austenite, 
and parapearlite, when no-partitioning of the alloying elements occurred.
Orthopearlite formation occurs at low undercoolings with the alloying element partitioning 
between the two product phases and maintaining local equilibrium, for both carbon and the 
alloy addition at the growth interface between the product phases and the austenite. These 
conditions are known as orthoequilibruim conditions. When in orthoequilibruim, the 
diffusion of the alloying addition is considered to be rate-controlling and the diffusion path 
for the redistribution is by the boundary along the growth interface. The process is assumed 
to be rate-controlled by the slower diffusing element; carbon diffuses much faster and its 
concentration is uniform near the growth interface.
Parapearlite formation occurs at high undercooling, where the transformation rates are much 
faster and therefore the slowly diffusing elements are unable to redistribute between the 
product phases. For pearlite transformation to occur without the redistribution of the alloying 
elements, two models have been developed and will be described further.
The paraequilibrium condition assumes that local equilibrium is established just for carbon at 
the growth interface and that the alloying element does not have a significant role during the 
transformation, apart from the necessary structural change. As carbon is the only element 
involved in the diffusion process, it is deemed to be the rate controlling element, and the 
product phases inherit the same composition of the alloy addition as the parent austenite.
The second model, better known as the ‘no-partition local equilibrium’ condition, is when 
the transformation appears absent of partitioning, but is still in full local equilibrium at the
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interface, for both carbon and the alloying element. For the condition to happen, either a 
positive or a negative spike of the alloying element is required in the austenite, at the growth 
interface. However, similar to the formation of parapearlite under paraequilibrium 
conditions, carbon is the rate controlling element and the product phases inherit the same 
composition of the alloy addition as the austenite.
2.7.6 The role of alloy elements
Since Hultgren (1951), there have been several theoretical and experimental studies 
examining the role that alloying additions play in the formation of pearlite. From those 
studies, it has been put forward that the partitioning of alloying elements changes depending 
on the element and the temperature variation during the eutectoid transformation.
Cahn and Hagel (1962) proposed that there is a critical temperature when the partitioning 
process changes. The transition was referred to as the non-partitioning temperature Tp.
Below the Tp, the substitutional elements would not partition across the growth interface, at 
temperatures above the Tp the alloying elements would partition across the growth interface.
The study by Puls and Kirkaldy (1972), expanded upon the Tp by proposing that it is 
controlled by the alloying element’s effect on the eutectoid temperature. It was suggested 
that elements that lower the eutectoid temperature should have a non-partitioning 
temperature and elements that raise the eutectoid temperature should partition over a wide 
temperature range and may not even have a Tp.
For the case of ferrous alloys additions of Mn, Cr, and Mo are all carbide forming elements 
that will partition to the cementite phase of pearlite.
Razik, Lorimer and Ridley (1974), investigated the partitioning of manganese during the 
austenite-to-pearlite transformation in two eutectoid steels, with 1 and 2 wt% Mn, 
respectively. Samples were treated isothermally in a lead bath over a temperature range of 
600-700°C. Standard thin foils were processed from the bulk section and examined using an 
analytical microscope, with X-ray intensities for iron and manganese being recorded in 
several pairs of adjacent lamellae and the partitioning coefficient was taken as the average.
As the specimens were thin enough to be used in a TEM (<-200 nm), the issue of absorption 
and fluorescent contributions to the X-ray spectra were considered negligible, therefore the 
X-ray intensities measured were interpreted as being independent of specimen thickness and 
representing changes in the weight fraction.
The no-partition temperature was determined for both steels investigated. The no­
partitioning temperatures measured were 683°C and 649°C for the steels containing 1 and 2
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wt.% Mn respectively. However, issues with data occurred due to overlapping of the beam 
with adjacent lamellae, even though this effect was reduced as best as possible by aligning 
the interphase boundaries parallel with the beam direction.
Hutchinson, Hackenberg and Shiflet (2004), examined the Mn composition across the 
pearlite/austenite interface as a function of time and compared the results with the local 
equilibrium predictions. The results from the alloy transformed in the two phase region, it 
was observed no changes in Mn concentration in the austenite ahead of the interface. It 
indicated that, for the temperature investigated, the redistribution of Mn occurs at the 
reaction interface and not by volume diffusion. The Mn concentrations in the two product 
phases remained constant over time within experimental error, indicating steady state co­
operative growth. A slight increase in the cementite at longer durations occurred, but this is 
expected due to the soft impingement.
In a study by Razik, Lorimer and Ridley (1976), partitioning of chromium in an eutectoid 
steel containing 1.29 wt. % chromium was investigated. During the transformation, 
chromium partitioned to the cementite at the interface at all temperatures for the specimens 
examined; however, the wt% Cr increased as the transformation temperature was increased. 
The authors calculated that the alloy had a partitioning temperature of 703 C. Chance and 
Ridley (1981) examined the partitioning of chromium. The difference between that study and 
the study of Razik, Lorimer and Ridley (1976), was that Chance and Ridley (1981) used a 
two-stage extraction method compared to using thin-foil samples and the amount of 
chromium contained in the steel. In addition to investigating the partitioning occurring in 
pearlite over a temperature range of 450-750°C, an investigation was carried out on the 
partitioning of Cr in bainite that grew at a temperature where it co-existed with pearlite.
From the results, it was observed that partitioning did not occur across the whole temperature 
range investigated. However, as the transformation temperature was lowered, the level of 
partitioning reduced. Unlike the study conducted by Razik, Lorimer and Ridley (1976), a no­
partitioning temperature was not detected. When examining the transformed bainite at the 
lower temperatures of 500-550°C, no partitioning occurred.
Al-Sahnan, Lorimer and Ridley (1979), studied the partitioning of both manganese and 
chromium in pearlite, in a eutectoid steel containing 1 wt. % of both alloy additions 
respectively. It was observed that both chromium and manganese partitioned to the cementite 
interface over the whole temperature range investigated. Chromium partitioned to a greater 
extent compared to manganese, both at the interface and behind the interface. The 
partitioning of chromium and manganese decreased continuously as the transformation
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temperature was lowered but a no-partitioning temperature was not experimentally identified 
for either element.
For the case of ferrous alloys additions of Si, Ni, and Co are all elements that will partition to 
the ferrite phase of pearlite.
Al-Salman, Lorimer and Ridley (1979), examined the partitioning of silicon between ferrite 
and cementite in a 2 wt. % silicon eutectoid steel. From the observations, partitioning of 
silicon occurred over the whole temperature range. The extent of the silicon partitioning 
away from the cementite decreased as the undercooling increased, but a no-partitioning 
temperature could not be identified.
The partitioning occurring behind the growth interface was examined by collecting data at 
increasing distances away from the growth fi-ont on colonies that had short transformation 
durations. It was observed that rapid segregation had occurred, but after a minute the 
concentration of silicon had become constant at the temperatures investigated.
A study of the partitioning of nickel conducted by Al-Salman and Ridley (1984), examined 
the redistribution of nickel at the austenite/pearlite growth interface in an eutectoid steel 
containing 2 wt. % nickel. From examining the nickel content in the cementite at the growth 
front, it was observed that at the highest transformation temperatures, nickel had partitioned 
to the ferrite and decreased as the transformation temperature was lowered. It was observed 
that below 620°C the redistribution of nickel remained constant; therefore the author claimed 
that, for this alloy, the no-partitioning temperature was in the range of 620-650°C. Although 
partitioning was still occurring at the lower transformation temperatures, it was deemed not 
to be rate controlling but contributing to the growth.
Ridley and Burgess (1984) examined the redistribution of cobalt in an eutectoid steel 
containing 2.1 wt. % cobalt over a temperature range of 580-700°C. However, due to the 
rapid transformation at lower temperatures, partitioning data was only collected for 
specimens treated between 650-700°C.
The observations made fi*om the partitioning data found that significant partitioning occurred 
at the growth front at high transformation temperatures. However, redistribution of cobalt 
occurred over the whole temperature range investigated, but to a decreasing amount, as the 
transformation temperature was lowered. Therefore, the conclusion was that partitioning of 
cobalt was rate controlling at low undercoolings, and the partitioning at high undercooling is 
happening due to the short diffusion path that the Co atoms have to travel as they moved 
from the cementite to the ferrite phase.
25
A study conducted by Ridley, Malik and Lorimer et al (1990), examined the partitioning of 
both nickel and chromium in a eutectoid alloy containing 1.2 wt. % Ni and 1 wt. % Cr, over 
a temperature range of 550-700°C. From the observations made from the redistribution of 
both Cr and Ni, it was clear that both the alloy additions partitioned, over the temperature 
range investigated With respect to Cr, this was expected as similar tends were observed in 
previous studies conducted on alloys containing Cr (Razik, et al. 1976), (Chance and Ridley 
1981). However, it was not expected for Ni to partition over the whole temperature range, as 
previous studies conducted on steels with Ni being the sole alloy addition. Ni only 
partitioned over a certain temperature range (Al-Salman & Ridley, 1984). This suggests that 
when Ni is combined with Cr, Cr allowed Ni to partition due to it being a strong carbide 
forming element. This was proposed due to the findings of Al-Salman, Lorimer and Ridley 
(1979) when Mn is combined with Cr.
An additional observation from the study was the tendency for the morphology to change 
from a smooth interface to a spiky interface as the transformation temperature was lowered. 
The spiky appearance has been observed in other steel alloys containing Cr (Ridley, et al. 
1987), but not with steels containing Ni, therefore it is the addition of Cr that appeared to 
causes this phenomenon.
The studies that have investigated the redistribution of alloy additions have used different 
techniques for sample preparation and transformation temperatures. Table 2.2 summaries the 
experimental techniques and temperatures used.
26
Table 2.2: A summary of experimental techniques used to conducted analysis of
partitioning in pearlite.
Experimental
method
Transformation
Alloy Author Date temperature 
range (°C)
Razik. Lorimer Thin foils using
Fe-C-Mn and Ridley 1974 600-700
(1974)
Fe-C-Cr
Razik, Lorimer 
and Ridley 1976 Thin foils using AEM 680-720(1976)
Al-Salman, Two Stage
Fc-C-Si Lorimer and 
Ridley (1979) 
Al-Salman,
1979 replication* using 
AEM 
Two Stage
600-750
Fe-C-Cr-Mn Lorimer and 1979 replication using 575-700
Ridley (1979) AEM
Chance and 
Ridley (1981)
Two Stage
Fc-C-Cr 1981 replication using 
AEM
450-730
Fe-C-Ni Al-Salman and Ridley (1984) 1984
Two Stage 
replication using 
AEM
520-660
Fe-C-Co Ridley and Burgess (1984) 1984
Two Stage 
replication using 
TEM
580-700
Fe-C-Ni-Cr Ridley, Malik and Lorimer (1990) 1990
Two Stage 
replication using 
AEM
550-700
Hutchinson, FIB prepared thin
Fc-C-Mii Hackenberg and 
Shiflcl (2004)
2004 foil disk using 
ATEM
575-650
*Two stage replication technique involves pressing cellulose acetate paper wetted with 
acetone onto the surface of the specimen that has been deeply etched. When dried the acetate 
paper is removed and this mechanically lifts the cementite from the specimen. The acetate 
paper is carbon coated and dissolved in acetone.
Comparing the different techniques used for sample preparation, each have their benefits and 
disadvantages.
The advantage of conducting the experiments on thin foils is that if the reaction front can be 
located, the analysis can be done at the interface and locations behind the growth front. 
However, there are issues with using thin foils as when electropolishing, mechanical 
polishing and ion milling thin foils, the probability of finding a region that contains a growth 
interface in the thinned area is low. To improve the probability of locating a transformation 
interface, Hutchinson, Hackenberg and Shiflet (2004), used a method by partially 
electropolishing half disks of the samples to bring the transformation interface of the
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colonies to the edge of the half disk. The selected colonies were then Focus Ion Beam (FIB), 
milled. The advantage of the combined electropolishing and FIB milling is the 
electropolishing thins the foil in a suffieiently uniform manner and FIB milling allows 
selected areas to be prepared with high precision.
Another issue is with resolution, the cementite produced in the transformation can have a 
very small lamellar spacing. Therefore a beam diameter needs to be formed that is small 
enough that beam spreading into the adjacent phases does not occur when collecting 
composition data.
One method to avoid the issue with beam spreading is to use carbide extraction replicas. 
Though beam spreading is no longer an issue and a transformation front can be easily 
located, the replicas only contain one phase therefore it is necessary to estimate the 
concentration of the other phase by using a mass balance equation.
Another method used for collecting partitioning data is atom-probe microanalysis. Atom 
probe microscopy has the capability of fine scale analysis, but it is difficult to locate a 
transformation front due to the size of specimen required. Most analysis has been conducted 
on fully transformed specimens or in studies focusing on austenite to ferrite or austenite to 
cementite transformations (Thuillier, et al. 2006), (Thomson and Miller 1995). Another 
disadvantage of using atom-probe microanalysis is due to the design of the equipment, it is 
difficult to grasp the distances of movement due to lack of magnification.
2.8 The Influence of Crystallography
This section introduces the role that crystallography has on the interaction between the 
different phases of the eutectoid transformation. The section concludes by describing how 
accounting for the crystallography that is effectively ignored by the Zener-Hillert approach, 
led to the development of the ‘ledge mechanism’ approach to pearlite growth.
2.8.1 Orientation relationship between the pearlitic phases
There are three orientation relationships which have been reported to occur between the two 
growing phases in ferrous pearlite. The first of them is the Bagaryatski orientation 
relationship, named after a study conducted by Bagayartski (1950), where he identified a 
rational orientation relationship between ferrite and cementite, and is expressed as:
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[lOOjc II [O ïl] /
[OlOjc II [111]/
(OOl)c II (112)/
Where c denotes cementite and/ denotes ferrite.
The second orientation relationship is referred to as the Pitsch-Petch, it was first observed in 
a study by Petch (1953), when studying the transformation of epsilon carbide to cementite 
and again observed in a study by Pitsch (1962), who was studying pearlitic cementite and 
ferrite. It is expressed as:
[103]c2.6^ from II [O il] /
[010]c2.6" from II [131]/
(OOl)c II (2 Ï5 )/
The third orientation relationship was observed by Isaichev (1947), and expressed as:
[103]c II [O il]/
[010]c II [111]/
(lO l)c II (112)/
The Isaichev relationship is less frequently referred to than the other two relationships. 
During a studying conducted by Zhou and Shiflet (1991), it was suggested that the reason for 
it not being commonly reported is due to its close proximity to the Bagaryatski orientation. It 
may not be that the Isaichev orientation oecurs less frequently but that authors identify 
observations of Bagaryatski orientation relationship which should have identified as the 
Isaichev orientation relationship.
During a body of work by Zhang and Kelly (1997) and (1998), who were investigating the 
orientation relationships between ferrite and cementite in eutectoid steels, three new 
orientation relationships were identified that differ from the three common relationships 
mentioned. The new orientation relationships were:
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Orientation relationship 1 :
Orientation relationship 2:
Orientation relationship 3:
(103)c II (101)/
[101]c 8.5° from II [131]/
[311]c II [ l ï l ] /
(022)c II ( ÎO l) /
[311]c II [ l ï l ] /
[100]c 2.4° from II [131]/
(210)c II ( ÏO l) /
[001]c II [ l ï l ] /
[Ï21]c 5.95° from II [101]/
Dippenaar and Honeycombe (1973), conducted a study to try to link the occurrence of a 
particular orientation relationship with the location of the nucléation of the pearlite colony. 
From the study it was observed that, if pearlite was to nucleate from pro-eutectoid cementite, 
then the Bagaryatski orientation relationship occurred, and when nucléation occurred from a 
clean boundary, the Pitsch/Petch orientation was present.
Since the initial observations of Dippenaar and Honeycombe (1973), Zhou and Shiflet 
(1991) and (1992), have investigated a large number of pearlite colonies in both Fe-C and 
Fe-C-Mn alloys. It was found that in both alloys all three orientations relationships occur, 
however only the Isaichev relationship was precisely obeyed while the other two had 
systematic deviations. The key results from Zhou and Shiflet’s (1991), (1992) body of work, 
was that it supported that the orientation relationship was dependent on the nucléation site. 
Even more so, it showed that each of the orientation relationships had a corresponding 
interlamellar habit plane. The interlamellar habit plane will be discussed in section 2.8.2.
Zhang and Kelly’s (1997) and (1998), experimental results had shown that there does not 
exist an orientation relationship between any proeutectoid phase, be it either ferrite or
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cementite, and the pearlite phases that forms, but only an orientation relationship between 
the lamellae in the pearlite colony.
Mangan and Shiflet (1999), investigated how the orientation relationship would be affected 
by a change in undercooling, focusing on the Pitsh-Petch relationship. Mangan and Shiflet 
(1999), believed that trying to consider the three common orientation relationships with a 
particular nucléation site as had been done in previous studies, was flawed. The reason for 
this is that the authors had used electron-transparent foils that are essentially 2-D and made 
theories based on what they observed; however, the area of interest is a 3-D microstructural 
development. To overcome the issue of analysing a 3-D microstructure in 2-D, Mangan and 
Shiflet (1999) used a combination of serial sectioning and electron backscatter diffraction to 
create a 3-D reconstruction. From the results obtained, Mangan and Shiflet (1999) concluded 
that the Pitsch-Petch orientation relationship occurs when the nucléation occurs at a 
cementite site. This contradicts the previous studies of Dippenaar and Honeycombe (1973) 
and Zhou and Shiflet (1992).
2.8.2 The interlamellar habit plane
When considering the orientation relationship between the ferrite and cementite phases, the 
habit plane between the phases must also be considered. However, for some authors, the 
habit plane did not seem to be of relevance. The large amount of curvature of the lamellae 
that can appear in pearlite colonies indicated that there was no dependence on 
crystallography, as was considered by Hillert (1962), and Puls and Kirkaldy (1972).
Work by Darken and Fisher (1962), Bowden and Kelly (1967), and Ohmori et al (1972) have 
all identified a habit plane between the ferrite and cementite for a given orientation 
relationship.
Through extensive TEM work and by using a model based on the work of Van der Merwe, 
Zhou and Shiflet (1991) demonstrated that each of the orientation relationships has an unique 
habit plane. The observation of Zhou and Shiflet (1991) was only observed for ferrous 
alloys. This indicated the importance of crystallography that had previously seemed as 
irrelevant with respect to orientation relationships.
2.9 The Ledge Mechanism Approach
During the early 1960’s, Aaronson was the first to develop a theory of growth behaviour in 
solid-state transformations by using a concept Gibbs (1961) had developed to explain the 
growth of crystals from vapour. The theory Aaronson et al. (1995) suggested was that 
growth occurred in solid-state phase transformation due to ledge motion. However, there 
were doubts about the theory that growth ledges could explain the shape of precipitate plates
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formed in alloys. Observations in different alloys using better techniques than what was 
available in the 1960’s, confirmed Aaronson’s concept and it became the accepted growth 
mechanism to explain the shape of precipitate plates. With other solid-state transformations, 
such as discontinuous precipitation, pearlite and massive transformations, fewer studies had 
been done to investigate Aaronson’s theory of ledge motion occurring. This changed in the 
1980’s due to the body of work by Hackney and Shiflet (1987) and (1987).
As previously stated, not much work had been conducted to investigate the role of growth 
ledges in pearlite. With pearlite, the understanding of the growth rates could be explained 
fairly well by kinetic models like the Zener-Hillert model when boundary diffusion is 
considered, but there was a poor understanding of the microstructural features. The lack of 
understanding of the role that crystallography had in the growth of pearlite was due to 
difficulties in making observations of the growth interface of the ferrite/cementite phases and 
the austenite phase. The difficulties were because of the instability at room temperature of 
the austenite phase, due to the formation of martensite.
Hackney and Shiflet (1987) overcame the problem of retaining high temperature austenite by 
introducing significant amounts of substitutional elements that retained the metastable 
austenite when quenched. Using a Fe-0.8C-12Mn alloy, also referred to as Hadfield steel, 
Hackney and Shiflet (1987) were able to observe the growth interface.
The features observed were the appearance of ledges that were either structural or growth 
ledges. Structural ledges are generally small and regularly spaced, whilst the ledges observed 
by Hackney and Shiflet (1987) and (1987) were relatively large (2-9 nm) and irregularly 
spaced, therefore suggesting that they were growth ledges. Further TEM investigations 
indicated facets and misfit dislocations on the growth interface and by in-situ hot stage TEM, 
Hackney and Shiflet (1987) demonstrated the mobility of the ledges. This confirmed the 
importance of crystallography and that the pearlite growth interface is actually semi-coherent 
and that growth ledges were a mechanism for the growth of the pearlite interface.
Hackney and Shiflet (1987), and (1987) observed defects on the interlamellar boundary 
between the ferrite and cementite phases. The defects took the form of steps and were 
referred to as ‘direction steps’. The direction steps were present whenever the pearlite 
lamellae appeared curved, while having a micro-habit plane. Continued observations 
indicated that the direction steps intersected with the growth ledges at the triple junction 
point, therefore suggesting that the growth ledges were continuous with the direction steps. 
With the observation of the direction steps in relation to the curvature of the interlamellar
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interface and the intersection with the growth interface again showed the importance of 
crystallography.
By combining their observations, Hackney and Shiflet (1987) proposed a ‘co-operative ledge 
growth mechanism’. Their proposed model was that growth occurred due to the movement 
of the ledges on the pearlite/austenite interface. If the parameters for growth were to remain 
constant, a straight interlamellar boundary would develop. However, if a perturbation in the 
growth parameters occurred, then direction steps would initiate and propagate so that the 
pearlite interface would be able to maintain a low energy. The co-operative ledge growth 
mechanism is shown schematically in figure 2.14. The hypothesis of growth ledges and the 
importance of the role of crystallography has been supported by the studies of Zhou and 
Shiflet (1991) and (1992).
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Figure 2.14: Shows the motion of a growth ledge and how curvature of lamellae can be 
accommodated. After Zhou and Shiflet (1991).
Work conducted by Khalid and Edmonds (1993), had different explanations to the 
observations made by Hackney and Shiflet (1987) and (1987), with respect to the pearlite 
growth interface and the austenite.
Khalid and Edmonds (1993) examined similar alloys to those of Hackney and Shiflet (1987) 
and (1987) and Zhou and Shiflet (1991) and (1992). They also observed faceting at the 
interface, misfit dislocations and irregularly spaced defects. Though the irregular defects 
were similar to what Hackney and Shiflet (1987) referred to as growth ledges. Khalid and
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Edmonds (1993) suggested that they were not actually growth ledges, as they had matrix 
defects associated with them. To explain the matrix defects, Khalid and Edmonds (1993) 
proposed that the so-called growth ledges were a result of the impingement of the matrix 
defects with the growth interface. Even though Khalid and Edmonds (1993), studied the 
same alloy as Hackney and Shiflet (1987), they altered the experiments by:
• Choosing two austenitizing temperatures
• Working the austenite
• Adding silicon to lower the stacking fault energy in the austenite matrix
With these changes, Khalid and Edmonds (1993) reported a change in the number of defects 
on the growth interface and the matrix; however, the evidence to support this is unclear. 
Whereas mentioned previously, Hackney and Shiflet (1987) used tilting methods and in-situ 
hot stage TEM to support their theory.
Whiting and Tsakiropoulos (1995) conducted a study that looked at the kinetic data for the 
growth of pearlite in Fe-C alloys. From the findings, Whiting and Tsakiropoulos (1995) 
proposed a theory that combined a complex diffusion process, coupled with the operation of 
a ledge mechanism, as it might explain the uncertainty between the experimental and 
theoretical data, this will be considered again in section 7.6. However Whiting and 
Tsakiropoulos (1995) stated that further work would be need to support the theory.
2.10 Summary
Though the kinetic models do have the ability to explain some features of pearlite growth, 
including the repeated nucléation, the feasibility of branching on the basis of diffusion based 
coupled instability and the changes in lamellar spacing, they do not explain some 
observations of pearlite growth. Therefore it could be that they is another mechanism; this 
will only be identified through further studies.
When considering a ternary system containing a substitutional element, the issue of 
redistribution of the additional alloying element needs to be considered. It has been stated 
that pearlite can grow with long-range partitioning of the alloy addition, limited partitioning 
or negligible partitioning. The process of partitioning is in need of further investigation as 
the studies conducted used sample preparation and techniques that have been vastly 
developed in recent years.
The proposed ledge mechanism for pearlite growth gives an alternative method to the kinetic 
models but the ledge mechanism has caused studies to question the foundations used in the 
approach.
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It is apparent from reviewing the available literature there are areas that require further 
investigation to understand the growth mechanism of pearlite.
Therefore the overall objective of this study is to clarify the understanding of the 
mechanisms involved during the growth of pearlite.
To obtain the main objective, the first aim of the study will be to identify a suitable alloy that 
allows pearlite growth to happen over a wide temperature range and retain a growth interface 
between the parent phase and the growing phases of the pearlite colonies that can be 
examined. The second aim is to determine the diffusion paths in operation during the growth 
of the pearlite colonies. The third aim will be to examine the growth interface between the 
parent phase and the growing phases.
To determine the diffusion paths in operation during the eutectoid transformation the 
composition of the parent and product phases needs to be directly measured. The reason for 
measuring the composition is to determine whether the diffusion path that is controlling the 
rate of the transformation is volume diffusion in the austenite or boundary diffusion along 
the growth interface. The growth interface and the interlamellar interface will also be 
examined to determine how the proposed ‘growth ledges’ are involved in the growth of the 
pearlite colonies. Scanning Transmission Electron Microscopy (STEM) will be used 
extensively to directly measure the composition and to examine the growth interfaces and 
interlamellar interface.
The evolution and the growth kinetics of the pearlite transformation will also be examined to 
supplement the nanoscale analysis of the growth interface, using a combination of Reflective 
Light Microscopy (RLM) and Scanning Electron Microscopy (SEM). Section 3 will explain 
the experimental procedures used in the study.
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3 Experimental Procedures
3.1 Chapter Synopsis
The following section will be discussing the procedures involved during the experimental 
process of the study. This includes the selection of the alloy system, sample preparation, the 
methods to determine the growth kinetics of the pearlite transformation and the steps used in 
collecting the compositional data using Scanning Transmission Electron Microscopy.
3.2 Alloy Selection
The requirements of the selected alloy system were that it had to be able to allow pearlite 
growth to occur over a wide temperature range and to retain a growth interface between the 
parent and product phases.
Ferrous and non-ferrous alloys were considered for experimental analysis. The non-ferrous 
alloys considered were Ti-Co, Cu-In and Cu-Al, however due to problems with generating 
the desired microstructure to the meet the experimental requirements, they were not used 
beyond the earliest stages of the research programme.
The alloy used through the duration of this study was a commercial Fe-C-Mn alloy. The key 
requirements for the alloy was that it had to have a manganese content of approximately 12 
wt.% and a carbon content of approximately 1 wt.%. The reason for selecting this particular 
alloy was because the significant amount of manganese the austenite is retained when 
quenched and the interface between the parent and product phases is not destroyed. In 
addition to the growth interface being retained following heat treatment, alloys of similar 
composition have been used in previous studies that have examined pearlite, for example: 
Hackney and Shiflet (1987), Zhou and Shiflet (1991), Zhou and Shiflet (1992), and Zhang 
and Kelly (2009).
To confirm that the alloy obtained from the supplier met the requirements, optical spark 
emission was conducted to measure the carbon content and EDX analysis was also 
conducted. The composition of the alloy was confirmed to be as shown in Table 3.1.
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Table 3.1: Composition of the alloy from the optical spark emission and EDX
analysis.
Elements (wt.%)
C Mn Si Fe
Current study 1.15 ± 0.02 11.55 ± 0.39 0.27± 0.03 Base
3.3 Isothermal Heat Treatment
Prior to the initial step of the heat treatments, specimens were cut to the dimensions 10 mm 
X 10 mm X 5 mm using a Struers Discotom-2. The bulk specimens were solution treated in a 
muffle furnace for 10 minutes at 1000 °C (1273 K) in the y single phase region and water 
quenched to room temperature in order to produce an austenitic microstructure. Following 
solution treatment the samples were placed in a furnace for isothermal heat treatment, in 
order to grow pearlite. These isothermal experiments were carried out in the temperature 
range 500-650°C. The isothermal transformation of pearlite was interrupted by a water 
quench. Various times were selected so that the growth kinetics of pearlite formation could 
be measured.
3.4 Sample Preparation
3.4.1 Reflected Light Microscopy (RLM) and Scanning Electron Microscopy (SEM)
Prior to examination by reflected light microscopy, specimens were mounted in Polyfast
phenolic hot mounting resin with carbon filler. Polishing was done using standard 
metallographic preparation techniques. The first four stages made use of progressively finer 
grades of SiC paper. This was followed by polishing using three grades of diamond spray on 
cloth. The final stage made use of an oxide particle suspension of silica with a 0.25 pm OP- 
chem mat. The samples were examined using a Zeiss Axiophot microscope and Scanning 
Electron Microscopy.
3.4.2 Scanning Transmission Electron Microscopy (STEM)
Specimens for STEM were created by using three different methods: electropolishing.
Precision Ion Polishing System (PIPS) and Focus Ion Beam (FIB) sectioning. For the 
specimens prepared by electropolishing, slices with a thickness of around 200 pm, were first 
cut from the heat treated specimens, with a diamond cutting wheel using a Struers Accutom 
5 with a constant flow of lubrication to prevent the specimen from heating. These slices were 
then mounted onto a brass polishing jig using wax and ground to approximately 100 pm 
using wet 800 SiC grit paper. Following the grinding, 3 mm discs were punched from the 
foils and deburred using a Gatan disc grinder, model 623.
The 3 mm discs were electropolished using a Struer’s Tenupol twin jet electropolisher with 
various solutions and operating parameters. One electrolyte was 5% perchloric acid in acetic
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acid, which was used a potential of 30 V with the solution at room temperature. This is the 
same as the procedure used by Lee and Park (1995). The same electrolyte with the 
temperature controlled to 16 °C with liquid nitrogen and the operating voltage of 37 V was 
also used. This set of conditions had been used by Zhang and Kelly (2009). An alternative 
electrolyte, previously used in the study by Zhou and Shiflet (1991), of 1% perchloric acid in 
methanol at a current of 20 mA operating at -20°C was also used. Following polishing, the 
samples were rinsed thoroughly with methanol to remove the electrolyte and so prevent 
etching.
Samples to be polished using PIPS, were prepared using the same cutting and grinding 
procedure as used for the electropolishing. Following deburring, the 3 mm discs were 
attached to slotted copper grids and ground and polished to a thickness of approximately 50 
pm. The mounted samples were placed in the PIPs machine and polished at 5 keV with the 
Ion guns angled at ±5°.
For FIB sectioning, thin foils were sectioned from the bulk material. After sectioning, 
specimens were mounted onto a brass polishing jig using wax and ground to approximately 
100 pm and polished and then mounted onto a metallic stub. The FIB sectioning was 
conducted using a Nova Nanolab dual beam instrument.
The various issues that arose during the preparation of the thin foils will be highlighted in 
section 5.1.
3.5 The Experimental Determination of Pearlite Growth Kinetics
3.5.1 Determination of Growth Rate
The growth kinetics of the pearlite formed during the isothermal heat treatments, described 
above, were measured by a method developed by Cahn and Hagel (1963). The technique 
developed by Cahn and Hagel (1963) was a result of their study on divergent pearlite. It was 
apparent that the standard maximum nodule radius (MNR) (Mehl and Hagel 1956) method, 
has severe limitations when used for measuring growth rates that are time-dependent. The 
issues are that pearlite colonies normally grow along the austenite grain boundaries and are 
seldom hemispherical in shape. Therefore, the largest apparent nodule is one that has been 
sectioned at a shallow angle to the boundary and not one sectioned through the nodule’s 
centre.
The method of Cahn and Hagel (1963), uses Eq 11 which describes the average growth rate, 
G, as the instantaneous time rate of change of the volume fraction normalized by the
instantaneous pearlite surface area available for migration Af.
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zThe values for the pearlite surface area available for migration Af, and volume fraction of 
pearlite transformed, Vf, were measured using standard point counting techniques. The 
differentiation of Vf, with respect to time /, is evaluated from the following Eq. 12:
dt t  V n /
where m, is the instantaneous slope of log ln(l/l-Vf) versus log t curve. Cahn and Hagel 
(1963), state that the method requires almost no subjective judgement, unlike the MNR 
approach, while providing an accurate average growth rate of pearlite colonies that are time- 
dependent.
3.5.2 Determination of Volume fraction
The measurement of pearlite volume fraction transformed was determined for a number of 
carefully chosen times at eight different isothermal temperatures. The procedure adopted was 
as follows.
At least 10 areas were selected at the lowest magnification that would give clear resolution. 
Following the collection of the images using a Zeiss Axiophot microscope, a grid consisting 
of 100 points was placed over the top. From the resulting values, for each image, an overall 
average was determined for each sample. By plotting the average values, a Time 
Temperature Transformation (TTT) diagram was produced. This diagram was used to enable 
the examination of specimens at approximately the same point of the transformation by 
STEM.
3.5.3 Determination of Interlamellar Spacing
As mentioned in a section 2.6 the parameter of interlamellar spacing is important to any 
pearlite growth mechanism, as it gives an indication of the diffusion distances involved. Due 
to the growth rate of the pearlite colonies being time-dependent, the interlamellar spacing is 
also time-dependent.
Due to the difficulties of measuring spacing due to sectioning of the colonies in sample 
preparation, that will produce an apparent spacing greater than or equal to the true spacing, it 
was decided that an average spacing is more suitable.
The approach used for measuring the spacing was as follows: a series of lines were placed on 
the micrograph consisting of a pearlite colony and using the intercept method, the apparent
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spacing was measured. The spacing for the colony was averaged by averaging H f  and then 
multiplying by an geometric factor 2/3 to finally produce an average reciprocal square 
spacing. The reason for the average reciprocal square spacing was that it weighs the smaller 
spacing more heavily in the same way that growth rate should average it. This is important as 
growth is more likely to be faster wherever the spacing is at its smallest (Cahn and Hagel 
(1963).
3.6 Analytical Scanning Transmission Electron Microscopy
3.6.1 Orientation and Energy Dispersive X-ray Analysis
A Hitachi HD 2300A Scanning Transmission Electron Microscope operating at 200 kV 
equipped with an ED AX Genesis system was used for all examinations of specimens. For 
each sample examined, once a colony had been located, the foil was oriented so the growth 
interface was parallel to the electron beam, while maintaining a suitable surface area that the 
electron beam could be located at the middle of the lamella being examined. For the 
collection of the X-ray data, a line profile was created so that it crossed the parent/pearlite 
phase interface. Several line profiles were obtained for each lamellae, typically ranging from 
800 nm to 60 nm in length, each consisting of at least 5 data points. This approach gave 
several spectra along the lamellae, across the growth interface and into the parent phase.
3.6.2 Data Quantification
Quantification was only attempted for the substitutional elements (Fe and Mn), the reason 
for that was due to the difficulties in collecting reliable and reproducible data for carbon in 
STEM thin foils using EDX.
For quantification of the x-ray spectra, a standard Cliff-Lorimer ratio approach Eq 13, (Cliff 
1975), was used.
^  =  (Eq 13)
^Mn ^Mn
where I, is the number of counts in the Ka peak of the peak of the spectra, C, is the weight 
percent of the substitutional elements and k, is the Cliff-Lorimer factor or can be referred to 
as a sensitivity factor. The k factor varies based on the STEM and EDS system used and the 
accelerating voltage the STEM is operating at. The samples were thin enough for the effects 
of absorption and fluorescence to be ignored, therefore the sensitivity factor is only related to 
the atomic-number correction factor (Z) and not dependent on small local changes in 
thickness. To determine the sensitivity factor, k, and to test the assumption that absorption 
and fluorescence effects could be ignored, an as-quenched sample was used as a reference.
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For all of the profiles, a beam size of approximately 1 nm and a ‘live’ X-ray acquisition time 
of 10 seconds were used, resulting in a A: value of 1,04.
41
4 Micro structural Results and the 
Implications for Understanding 
Pearlite Growth
4.1 Evolution of the Pearlite Colony during Growth
Upon examination of the early stages of the transformation with the use of scanning electron 
microscopy, it appeared that the pearlite nodules nucleated at the grain boundaries. Some 
examples of typical observations are shown in figure 4.1.
?
Figure 4.1: Second electron images of sample heat treated for 1 hour at 640°C.
The morphology of the early stages of pearlite growth was consistent with cementite forming 
first, followed by the formation of the ferrite phase. A good example of this evidence is 
shown in figure 4.2.
42
Figure 4.2: SE micrograph of pearlite colony in the early stages of the transformation,
1 hour at 640°C.
Careful examination of the cementite, with the use of back scattered electron imaging, 
revealed no indication of a ferrite band surrounding the cementite phase, as had been 
proposed by Zhang and Kelly (2009). With the clear laek of a ferrite band it was evident that 
from the numerous colonies inspected that all the pearlite nodules originated by the 
formation of the cementite phase. Therefore for this alloy, cementite appears to be the 
consistent active nucleus. The observation supports the same conclusion made by Hillert
(1962) for hyper-eutectoid alloys.
As the pearlite colonies, examined in this study, grew it is clear that the colonies grow as 
inter-penetrating bi-crystrals and that the sidewise growth is enabled by the process of 
branching. An example of the evidence for this is shown in figure 4.3.
%
Figure 4.3: SE micrograph illustrating the branching mechanism within a pearlite
colony treated for 1 hour at 600°C.
With branching, lamellar multiplication is allowed to take place with continuous co­
operative growth of both phases. The presence of branching within numerous colonies is 
similar to the observations made by Hillert (1962), which led to Hillert being the first 
researcher to propose a branching mechanism.
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Having chosen different times for isothermal heat treatment, the microstructural evolution of 
the pearlite colonies could be examined. Illustrated in figures 4.4-4.6, is a time series of the 
microstructural evolution of the pearlite colonies at three of the isothermal heat treatments; 
640°C, 600°C and 500°C. All of the micrographs in figures 4.4-4.6 have been chosen so as 
to be typical representations of the volume fractions stated in Table 4.1.
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Figure 4.4: Reflected light micrographs illustrating the microstructural evolution of 
pearlite at low undercooling, (a) treated for 1 hour at 640°C, (b) treated for 2 hours at 
640°C, (c) treated for 4 hours at 640°C and (d) treated for 8 hours at 640°C.
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rFigure 4.5: Reflected light micrographs illustrating the microstructural evolution of 
pearlite at intermediate undercooling, (a) treated for 1 hour at 600°C, (b) treated for 2 
hours at 600°C, (c) treated for 4 hours at 600°C and (d) treated for 8 hours at 600°C.
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Figure 4.6: Reflected light micrographs illustrating the microstructural evolution of 
pearlite at high undercooling, (a) treated for 3 hour at 500°C, (b) treated for 4 hours at 
500°C and (c) treated for 5 hours at 500°C.
From the micrographs in figure 4.5, it is possible to see that the pearlite colonies nucleate 
along the grain boundaries and as the heat treatment time increases, the colonies grow with a 
variety of nodule morphologies. The colonies initially grow as single colonies until they 
impinge on other colonies and form slabs that grow into the austenite grains.
During examining and comparing the colonies transformed at the different temperature as 
shown in figure 4.7, two features relating to the lamellar spacing of the pearlite were 
observed. The first being that as the undercooling increased the interlamaller spacing became 
finer. The second being that the pearlite colonies were divergent. This means that as the 
colonies are growing the lamellar spacing is gradually increasing.
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Figure 4.7: SEM micrographs illustrating the microstructural evolution of pearlite at 
low, intermediate and high undercoolings, (a) treated for 8 hour at 640°C, (b) treated 
for 1 hours at 600°C and (c) treated for 3 hours at 500°C.
As the pearlite colonies are divergent, careful consideration is required when measuring the 
lamellar spacing. The spacing is not constant with time and temperature, and growth is most 
likely to be fastest wherever the spacing is smallest. Using the technique of a series of lines 
placed on the micrograph containing a pearlite colony and using the intercept method 
described in section 3.3.3, figure 4.8, supports the observations that as the undercooling is 
increased the average spacing decreases.
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Figure 4.8: Average reciprocal square spacing as a function of transformation
temperature.
Prior to any kinetic or compositional data being gathered, the volume fraction of pearlite 
transformed during the heat treatments selected was required. The reasons for requiring 
volume fraction data were twofold. Firstly, for the compositional analysis, samples that had 
developed similar amounts of pearlite were needed across the chosen temperature range. 
Secondly, volume fraction data are required for the growth rates.
The method for obtaining the volume fraction transformed, Vf is explained in section 3.3.2. 
By plotting the volume fraction transformed, Vf, for all the isothermal treatments as a 
function of treatment duration, see figure 4.9 and Table 4.1. It is possible to see a common 
trend for all temperatures that the volume fraction transformed increases as the duration 
increases.
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Figure 4.9: Plot o f pearlite transformation volume, Vf as a function o f treatm ent time.
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Table 4.1: Data for volume fraction of pearlite, Vf.
Transformation Transformation Duration Pearlite Transformation Volume
Temperature (°C) (Minutes) (%) ±0.7
650 60 1
120 3
480
_ g  «... w.
120 4
480 ........................"'Is............... .
120 ................................7 .......................
480 8
120 8
480 11
illliiillBlililliBMIiliiHiMIBilMIMBillM
120 8
480 14
120 10
480 12
120 5
500 180 5
300 10
Using the Vf data, a simplistic Isothermal Transformation (IT) diagram was constructed as 
shown in figure 4.10.
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Figure 4.10: Isothermal transformation diagram for showing the measured value of Vf.
When making the comparison between pearlite grown during isothermal heat treatment at 
640°C with that grow at 600°C, specimens with approximately 6% transformation were 
used. At 640 °C it takes around 8 hours to produce 6% volume fraction of pearlite, but heat 
treatment at 600°C for around 1 hour produces about the same amount of pearlite.
It has been acknowledged that there are errors that occur when determining the volume 
fraction. However the method used was to a level that was required to give an indication for 
a region of similar volume fraction across the temperature range, therefore samples could be 
selected for compositional analysis.
4.2 Pearlite Kinetic Data
The pearlite growth kinetics have been measured for the all the heat treatments investigated, 
the average growth rate has been measured using the method developed by Cahn and Hagel
(1963). The reason for solely using the Cahn and Hagel approach to calculate growth rate is 
that methods such the Maximum Nodule Radius (MNR) (Mehl and Hagel, 1956) is not 
appropriate for determine growth rates that are time dependent. Additionally the MNR 
method is not suitable is that as seen in figures 4.4-4.6, that in the later stages of the reaction 
it was difficult to size individual colonies. It can be seen that the nodules were not spherical 
or hemi-spherical and had grown faster along the grain boundaries than normal to them. A 
consequence of this growth behaviour is that the largest nodules are not the ones that have
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been sectioned parallel with their growth radius, but those that have been sectioned at a 
shallow angle to the grain boundary.
To make use of Cahn and Hagel’s (1963) method, the parameters required for calculating the 
growth rate are: pearlite volume fraction transformed, Vf and the free pearlite transformation 
interface available for migration, Af. The method used to calculate the variables is described 
in section 3. This data, along with the processing steps to obtain the experimentally observed 
growth rates, are listed in Tables 4.2-4.9 and the experimentally measured growth rates are 
plotted as a function of time in figures 4.11-4.19.
Table 4.2: Growth rate data for samples treated at 650°C.
Ageing time (h) Volume fraction transformed (Vf)
Free pearlite 
growth front 
area/vol., Af 
(cm’*)
Vf
A (cm/s)
1 0.01 3.3 1.5E-08 4.5E-09
2 0.03 11.0 2.()E-08 2.6E-09
0.05 2.4E-08 2.2E-09
8 0.06 18.3 1.6E-08 8.5E-10
Table 4.3: Growth rate data for samples treated at 640°C.
Ageing time (h) Volume fraction transformed (Vf)
Free pearlite 
growth front 
area/vol., Af 
(cm’*)
Vf
Â (cm/s)
1 0.03 15.7 5.6E-08 3.9E-09
2 0.04 23.4 4.2E-08 1.8E-09
illilillBiïlilllll»*? 0.05 2.5E-08 1.5E-09
8 0.08 27.6 2.0E-08 7.3E-10
Table 4.4: Growth rate data for samples treated at 630°C.
Ageing time (h) Volume fraction transformed (Vf)
Free pearlite 
growth front 
area/vol., Af 
(cm’*)
Vf
Â H - ( ^ )(cm/s)
1 0.04 14.0 5.8E-08 4.1E-09
2 0.07 29.0 4.7E-08 1.6E-09
0.07 2.4E-08 7.2E-10
8 0.08 34.7 1.5E-08 4.2E-10
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Table 4.5: Growth rate data for samples treated at 620°C.
Ageing time (h)
Volume fraction 
transformed (Vf)
Free pearlite 
growth front 
area/vol., Af 
(cm*)
Vf
A (cm/s)
1 - 0.03 16.8 7.8E-08 4.6E-09
2 0.08 31.5 1.2E-07 4.OE-09
0.10 7.7H-08 2.3E-09
8 0.11 30.2 4.2E-08 1.4E-09
Table 4.6: Growth rate data for samples treated at 610°C.
Ageing time (h)
Volume fraction 
transformed (Vf)
Free pearlite 
growth front 
area/vol., Af 
(cm*)
Vf
A (cm/s)
1 0.06 26.8 1.9E-07 7.2E-09
2 0.08 32.7 1.2F.-07 3.7E-09
9.4E-08 2.5E-09
8 0.14 40.0 5.0E-08 1.3E-09
Table 4.7: Growth rate data for samples treated at 600°C.
Ageing time (h)
Volume fraction 
transformed (Vf)
Free pearlite 
growth front 
area/vol., Af 
(cm'*)
Vf
A (cm/s)
1 0.08 29.8 1.4E-07 4.7E-09
2 0.10 36.9 9.0E-08 2.5E-09
5.2E-08 1.4E-09
8 0.13 40.4 2.7E-08 6.8E-10
Table 4.8: Growth rate data for samples treated at 550°C.
Ageing time (h) Volume fraction transformed (Vf)
Free pearlite 
growth front 
area/vol., Af 
(cm*)
Vf
s (cm/s)
1 0.03 14.4 1.4E-07 lO.OE-09
2 0.05 26.6 1.5E-07 5.8E-09
0.06 27.5 1.2E-07 5.0E-09
Table 4.9: Growth rate data for samples treated at 500°C.
Ageing time (h) Volume fraction transformed (Vf)
Free pearlite 
growth front 
area/vol., Af 
(cm'*)
ÏL
(% H-S)(cm/s)
3 0.05 14.7 1.4E-07 9.2E-09
4 0.09 24.3 1.6E-07 6.8E-09
5 0.11 33.9 1.6E-07 4.7E-09
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Figure 4.11: Pearlite growth kinetics at 650°C.
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Figure 4.12: Pearlite growth kinetics at 640°C.
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Figure 4.13: Pearlite growth kinetics at 630°C.
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Figure 4.14: Pearlite growth kinetics at 620°C.
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Figure 4.15: Pearlite growth kinetics at 610°C.
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Figure 4.16: Pearlite growth kinetics at 600°C.
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Figure 4.17: Pearlite growth kinetics at 550°C.
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Figure 4.18: Pearlite growth kinetics at 500°C.
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Figure 4.19: Pearlite growth kinetics for all heat treatments. Note trendlines not
included for clarity.
In each case regardless of reaction temperature, the growth rate decreased with an increase in 
time and volume fraction as shown in figure 4,20-4.21.
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Figure 4.20: Growth rate as a function of pearlite volume transformation, Vf for
temperature range 650-620°C.
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Figure 4.21: Growth rate as a function of pearlite volume transformation, Vf for
temperature range 610-550°C.
As the transformation temperature is lowered through the temperature range of 650°C-500°C 
investigated during the study, it can clearly be seen that as the duration of the treatment is 
increased the rate of growth decreases by over a magnitude for the majority of the 
temperatures. An example being at 650°C, as after 1 hour the rate of growth is 4.46'^ cm/s 
and when the treatment has been extended to 8 hours the growth rate has reduced to 8.53'^° 
cm/s.
The reasoning for the decrease in the average growth rate is that as the duration of the 
transformation is increased it will finally reach completion and stop. Other reasons for the 
decrease in growth rate will be as the pearlite colonies mainly grow on the boundaries of 
prior austenite grains and move inwards. The colonies will get to a situation when one 
colony will meet another colony and will be in competition for the untransformed area 
within the grain and will block each other’s progress. This situation is commonly termed 
hard impingement. An example of hard impingement can be observed in figure 4.5 (d). The 
second reason for the decrease in growth rate could be due to soft impingement occurring, 
due to the continuous compositional changes ahead of the growth interface. However, at this 
stage making any assumptions regarding the role of compositional change is premature and 
this issue is going to be investigated ftirther in chapter 5.
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5 Nanoscale Chemical Analysis and 
the Implication for Understanding 
the Pearlite Growth Mechanism
5.1 Chapter Synopsis
Scanning Transmission Electron Microscopy (STEM) was used for two main purposes. The 
first of these was to measure the Mn and Fe concentration across the ferrite/austenite, 
cementite/austenite interfaces, and ahead of the growth interface. This enables a comparison 
of the chemical conditions governing the growth of the pearlite interface across a 
temperature range. The second reason for using STEM was to experimentally measure the 
lamellar spacing.
5.2 Sample Preparation
The first specimens that were prepared for examination of the growth interfaces, were 
prepared using electropolishing. However, it was observed that electropolishing had a 
tendency to remove the ‘softer’ ferrite phase and leave the ‘harder’ cementite phase 
remaining, as shown in figure 5.1. Such variations in thickness means that these specimens 
were not suitable for in-situ measurement and examination the growth front. Subsequently, 
specimens for thin foil analysis of the growth interface were prepared by ion beam argon 
etching using a Gatan PiPs.
Figure 5.1: Secondary electron micrographs illustrating the poor quality produced by
electropolishing.
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5.3 Chemical Analysis of Specimens Isothermally Treated at 640°C for 8 
Hours
STEM foils were prepared from material treated at 640°C for 8 hours. Figures 5.2-5.12 show 
the compositional profiles collected from the transformation front for several regions, with a 
corresponding bright field micrograph illustrating the location of the line profile. The true 
spacing of the lamellae being examined is also included.
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Figure 5.2: (a) Bright field STEM micrograph of transformation front of site of interest 
1 in specimen after treated for 640°C for 8 hrs. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
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Figure 5.3: (a) Bright field STEM micrograph of transformation front of site of interest 
2 in specimen after treated for 640°C for 8 hrs. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
62
mRegion of interest 3
line True spacing
(nm) ± 1
191
2 182
180
4 168
5 168
(b )  0.18 
0.16 
0.14
^  0.08 
0.06 
0.04 
0.02 
0
i I i T
$ $
-600 -400 -200 0 200 
Distance (nm)
400 600 800
Figure 5.4 (a) Bright field STEM micrograph of transformation front of site of interest 
3 in specimen after treated for 640°C for 8 hrs. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.5; (a) Bright field STEM micrograph of transformation front of site of interest 
4 in specimen after treated for 640°C for 8 hrs. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.6: (a) Bright field STEM micrograph of transformation front of site of interest 
5 in specimen after treated for 640°C for 8 hrs. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
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Figure 5.7: (a) Bright field STEM micrograph of transformation front of site of interest 
6 in specimen after treated for 640°C for 8 hrs. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.8: (a) Bright field STEM micrograph of transformation front of site of interest 
7 in specimen after treated for 640°C for 8 hrs. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
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Figure 5.9: (a) Bright field STEM micrograph of transformation front of site of interest 
8 in specimen after treated for 640°C for 8 hrs. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.10: (a) Bright field STEM micrograph of transformation front of site of 
interest 9 in specimen after treated for 640°C for 8 hrs. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.11: (a) Bright field STEM micrograph of transformation front of site of 
interest 10 in specimen after treated for 640°C for 8 hrs. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
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Figure 5.12: (a) Bright field STEM micrograph of transformation front of site of 
interest 11 in specimen after treated for 640°C for 8 hrs. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
The manganese composition ahead of the interface in the austenite phase was collected to 
determine any compositional changes ahead of the growth interface. Figure 5.13 shows the 
average manganese composition with a bright field micrograph showing the location of 
where the data was collected with respect to the growth front.
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Figure 5.13: (a) Bright field STEM micrograph of transformation front in a specimen 
after treated for 640°C for 8 hrs. (b) Plot of manganese weight concentration parallel to
the growth interface in (a).
For each interface examined for samples heat treated at 640°C for 8 hours, the Mn and Fe 
concentrations across the y/a and y/0 interface and the lamellae thickness were measured. 
During the generation of the Mn profiles across the y/pearlite interface, the Mn content
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measured in the y remained at a constant level for distances up to 600 nm ahead of the 
reaction front. This suggests that during the isothermal transformation at 640°C for 8 hours, 
long-range volume diffusion of Mn in the y does not occur. The Mn content inherited by the 
pearlite phases also remains constant for distances up to 500 nm behind the reaction front. 
However, in some of the interfaces examined there was a peak in the profile at the growth 
interface as shown in figure 5.6, and figure 5.11, where peak appears in the cementite side of 
the interface. This indicates a solute build-up at the growth front, because if the lamella was 
not aligned correctly and that the change in the Mn/Fe ratio was due to beam overlap, the 
profile would have a dip and not a peak. Due to the consistent Mn content away from the 
interface in the cementite and ferrite does strongly indicate that the diffusion at the growth 
interface dominates at this temperature and not due to long range diffusion in the austenite.
5.4 Chemical Analysis of Specimens Isothermally Treated at 600°C for 1 
Hour
STEM foils were prepared from material treated at 600°C for 1 hour. In figures 5.14-5.21 
show the compositional profiles collected from the transformation front for several regions, 
with a corresponding bright field micrograph illustrating the location of the line profile. The 
true spacing of the lamellae being examined is also included.
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Figure 5.14: (a) Bright field STEM micrograph of transformation front of site of 
interest 1 in specimen after treated for 600°C for 1 hr. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.15: (a) Bright field STEM micrograph of transformation front of site of 
interest 2 in specimen after treated for 600°C for 1 hr. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
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Figure 5.16: (a) Bright field STEM micrograph of transformation front of site of 
interest 3 in specimen after treated for 600°C for 1 hr. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.17: (a) Bright field STEM micrograph of transformation front of site of 
interest 4 in specimen after treated for 600°C for 1 hr. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
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Figure 5.18: (a) Bright field STEM micrograph of transformation front of site of 
interest 5 in specimen after treated for 600°C for 1 hr. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.19: (a) Bright field STEM micrograph of transformation front of site of 
interest 6 in specimen after treated for 600°C for 1 hr. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
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Figure 5.20: (a) Bright field STEM micrograph of transformation front of site of 
interest 7 in specimen after treated for 600°C for 1 hr. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.21: (a) Bright field STEM micrograph of transformation front of site of 
interest 8 in specimen after treated for 600°C for 1 hr. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
The manganese composition ahead of the interface in the austenite phase was collected to 
determine any compositional changes ahead of the growth interface. Figure 5.22 shows the 
average manganese composition with a bright field micrograph showing the location of 
where the data was collected, with respect to the growth front.
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Figure 5.22: (a) Bright field STEM micrograph of transformation front in a specimen 
after treated for 600°C for 1 hr. (b) Plot of manganese weight concentration parallel to
the growth interface in (a).
For each interface examined for the samples heat treated at 600°C for 1 hour, the Mn and Fe 
concentrations across the y/a and y/0 interface and the lamellae thickness were measured. 
During the generation of the Mn profiles across the y/pearlite interface, the Mn content 
measured in the y remained at a constant level for distances up to 300 nm ahead of the 
reaction front. This suggests that that at the isothermal transformation of 600°C for 1 hour, 
long range volume diffusion of Mn in the y does not occur. The Mn content inherited by the 
pearlite phases also remains constant for distances up to 200 nm behind the reaction front.
5.5 Chemical Analysis of Specimens Isothermally Treated at 550°C for 3 
Hours
STEM foils were prepared from material treated at 550°C for 3 hours. In figures 5.23-5.32 
show the compositional profiles collected from the transformation front for several regions, 
with a corresponding bright field micrograph illustrating the location of the line profile. The 
true spacing of the lamellae being examined is also included.
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Figure 5.23: (a) Bright field STEM micrograph of transformation front of site of 
interest 1 in specimen after treated for 550°C for 3 hrs. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.24: (a) Bright field STEM micrograph of transformation front of site of 
interest 2 in specimen after treated for 550°C for 3 hrs. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
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Figure 5.25; (a) Bright field STEM micrograph of transformation front of site of 
interest 3 in specimen after treated for 550°C for 3 hrs. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
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Figure 5.26: (a) Bright field STEM micrograph of transformation front of site of 
interest 4 in specimen after treated for 550°C for 3 hrs. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
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Figure 5.27: (a) Bright field STEM micrograph of transformation front of site of 
interest 5 in specimen after treated for 550°C for 3 hrs. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.28: (a) Bright field STEM micrograph of transformation front of site of 
interest 6 in specimen after treated for 550°C for 3 hrs. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.29: (a) Bright field STEM micrograph of transformation front of site of 
interest 7 in specimen after treated for 550°C for 3 hrs. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
90
%a
Region of interest 8
line True spacing
(nm) ± 1
2 67
4 68
5 69
(b) 0.18
0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0
-150 -100 -50 0 50
Distance (nm)
100 150 200
Figure 5.30: (a) Bright field STEM micrograph of transformation front of site of 
interest 8 in specimen after treated for 550°C for 3 hrs. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.31: (a) Bright field STEM micrograph of transformation front of site of 
interest 9 in specimen after treated for 550°C for 3 hrs. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
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Figure 5.32: (a) Bright field STEM micrograph of transformation front of site of 
interest 10 in specimen after treated for 550°C for 3 hrs. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
The manganese composition ahead of the interface in the austenite phase was collected to 
determine any compositional changes ahead of the growth interface. Figure 5.33 shows the 
average manganese composition with a bright field micrograph showing the location of 
where the data was collected, with respect to the growth front.
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Line 1 Wt%Mn Line 2
Wt%
Mn Line 3
Wt%
Mn
1 14.41 1 14.04 1 13.71
2 13.79 2 14.08 2 14.3
3 14.94 3 13.86 3 14.15
4 13.19 4 13.62 4 14.21
5 14.95 5 13.68 5 14.53
6 14.31 6 14.23 6 13.43
7 13.5 7 14.26 7 14.28
8 12.72 8 13.92 8 14.53
9 12.74 9 13.82 9 14.69
10 14.77 10 13.42 10 14.08
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Figure 5.33: (a) Bright field STEM micrograph of transformation front in a specimen 
after treated for 550°C for 3 hrs. (b) Plot of manganese weight concentration parallel to
the growth interface in (a).
For each interface examined, for the samples heat treated at 550°C for 3 hours, the Mn and 
Fe concentrations across the y/a and y/0 interface and the lamellae thickness were measured. 
During the generation of the Mn profiles across the y/pearlite interface, the Mn content 
measured in the y remained at a constant level for distances up to 200 nm ahead of the
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reaction front. This suggests that that the isothermal transformation at 550°C for 3 hour, long 
range volume diffusion of Mn in the y does not occur. The Mn content inherited by the 
pearlite phases also remains constant for distances up to 200 nm behind the reaction front.
5.6 Chemical Analysis of Specimens Isothermally Treated at 500°C for 4 
Hours
STEM foils were prepared from material treated at 500°C for 4 hours. In figures 5.34-5.41 
show the compositional profiles collected from the transformation front for several regions, 
with a corresponding bright field micrograph illustrating the location of the line profile. The 
true spacing of the lamellae being examined is also included.
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Figure 5.34: (a) Bright field STEM micrograph of transformation front of site of 
interest 1 in specimen after treated for 500°C for 4 hrs. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.35: (a) Bright field STEM micrograph of transformation front of site of 
interest 2 in specimen after treated for 500°C for 4 hrs. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
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Figure 5.36: (a) Bright field STEM micrograph of transformation front of site of 
interest 3 in specimen after treated for 500°C for 4 hrs. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.37: (a) Bright field STEM micrograph of transformation front of site of 
interest 4 in specimen after treated for 500°C for 4 hrs. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
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Figure 5.38: (a) Bright field STEM micrograph of transformation front of site of 
interest 5 in specimen after treated for 500°C for 4 hrs. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.39: (a) Bright field STEM micrograph of transformation front of site of 
interest 6 in specimen after treated for 500°C for 4 hrs. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
100
a
Region of interest 7
line True spacing 
(nm) ± 1
2 32
4 23
' -s'""' '
(b ) 0.18
0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0
I i  l~ i
Distance (nm)
100 -80 -60 -40 -20 0 20 40 60 80 100
Figure 5.40: (a) Bright field STEM micrograph of transformation front of site of 
interest 7 in specimen after treated for 500°C for 4 hrs. (b) Plot of Mn profile across 
ferrite/austenite growth interface in (a).
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Figure 5.41: (a) Bright field STEM micrograph of transformation front of site of 
interest 8 in specimen after treated for 500°C for 4 hrs. (b) Plot of Mn profile across 
cementite/austenite growth interface in (a).
The manganese composition ahead of the interface in the austenite phase was collected to 
determine any compositional changes ahead of the growth interface. Figure 5.42 shows the 
average manganese composition with a bright field micrograph showing the location of 
where the data was collected, with respect to the growth front.
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Mn Line 3
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Mn
1 14,36 11 15.46 21 14.52
2 14.8 12 15.15 22 14.66
3 13.98 13 15.1 23 14.48
4 14.46 14 14.67 24 14.67
5 15.13 15 15.35 25 15.33
6 14.83 16 14.48 26 14.68
7 14.68 17 13.62 27 14.99
8 13.82 18 13.91 28 14.24
9 13.8 19 14.49 29 15.25
10 14.16 20 14.15 30 14.68
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Figure 5.42:(a) Bright field STEM micrograph of transformation front in a specimen 
after treated for 500°C for 4 hrs. (b) Plot of manganese weight concentration parallel to
the growth interface in (a).
For each interface examined, for the samples heat treated at 500°C for 4 hours the Mn and Fe 
concentrations across the y/a and y/0 interface and the lamellae thickness were measured. 
During the generation of the Mn profiles across the y/pearlite interface, the Mn content
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measured in the y remained at a constant level for distances up to 150 nm ahead of the 
reaction front. This suggests that for the temperature and time of the isothermal 
transformation that long range volume diffusion of Mn in the y does not occur. The Mn 
content inherited by the pearlite phases also remains constant for distances up to 150 nm 
behind the reaction front. However close to the interface they is a gradual change in Mn 
content and the reason for this will be due to a combination of beam overlap and the growth 
interface not being perfectly aligned between the austenite and pearlite phase being 
examined.
When comparing the spacing of the ferrite and cementite lamellae examined, it was observed 
each colony will have its own spacing. This was constant for each of the heat treatments.
For the temperature range investigated, from the profiles perpendicular to the growth 
interface between the austenite and the pearlite colonies has shown that for the alloy system, 
significant partitioning of Mn is occurring. Even at the highest undercooling (lowest 
temperature) examined in this study, partitioning of Mn is still happening with no 
indication of a change of partitioning mechanism, this is supported by figure 4.8, as there is a 
constant relationship between lamellar spacing and transformation temperature. If there was 
any inflexions in gradient it would suggest a transition in partitioning mechanism as 
observed in the studies conducted by Al-Salman et al. (1979), Ridley and Burgess (1984), 
and Ridley (1984).
When examining the pearlite/austenite growth interface, Mn profiles were collected parallel 
to the growth interface to confirm that the diffusion mechanism for the alloy was along the 
growth interface and not via volume diffusion in the austenite. As shown in figures 5.13, 
5.22, 5.33 and 5.42 revealed that there was not clear evidence of long-range volume 
diffusion in the austenite ahead of the growth interface happening, therefore supporting the 
results obtained from the profiles collected perpendicular to the growth front.
During a demonstration of the capabilities of a new SEM with a new EDX system for the 
department, one of the heat treated samples was used. On the demonstration it revealed 
microsegregation of Mn had occurred that had been missed previously. Microsegregation is 
an issue that happens during the forming process of the bulk sheet material and results in 
bands of elements throughout the alloy occurring. Due to the thickness of the enriched Mn 
regions it was not believed to have caused any issue with the results already collected. To 
ensure that it was not an issue, alternative solution treatments were used to make the 
redistribution of Mn more homogenous. As shown in figures 5.43-5.44 below, it is clear that
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Figure 5.43: (a) Bright field STEM micrograph of transformation front in a specimen 
after being solution treated at 1200°C for 1 hr followed by isothermal heat treatment at 
600°C for Ihr. (b) Plot of Mn profile across ferrite/austenite growth interface in (a).
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Figure 5.44: (a) Bright field STEM micrograph of transformation front in a specimen 
after being solution treated at 1200°C for 1 hr followed by isothermal heat treatment at 
600°C for Ihr. (b) Plot of Mn profile across cementite/austenite growth interface in (a).
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6 Structural Features
During the collection of chemical profiles, several features associated with pearlite growth 
were observed as shown in figures 6.1-6.5.
As shown in figure 6.1, it can be observed the appearance of defects on the interlamellar 
boundary between the ferrite and cementite phases. The spacing between the defects 
continuously changed along the boundary. The change in the spacing of the defects appears 
to have occurred to allow for the change in curvature, as the spacing is reduced between the 
defects the change in direction is greater. The characteristics of the defects are the same as 
the direction steps described by Hackney and Shiflet (1987), that direction steps were present 
whenever the pearlite lamellae has appeared curved.
m l
Figure 6.1: Bright field image of direction steps along the interlamellar interface 
between the ferrite/cementite phases as indicated by the arrows. Notice the change in 
spacing of the steps to allow for the curvature during growth.
From figures 6.2-6 A, it can be observed that the growth interface is faceted. These 
observations are similar to those made in other studies: Hackney and Shiflet (1987), Zhou 
and Shiflet (1991), Khaild and Edmonds (1993) and Chairuangsri and Edmonds (2000). It 
was generally the case that the defects were associated with stacking faults in the parent 
austenite. A similar observation was made by Khalid and Edmonds (1993).
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Figure 6.2: Bright field image of defects along the growth interface between the 
ferrite/austenite phases and cementite/austenite phases as indicated by the white 
arrows. Notice that each defect on the interface is associated with a fault in the 
austenite ahead of the growth front as indicated by the black arrows.
Figure 6.3: High Angle Annular Dark Field (HAADF) image of defects along the 
growth interface between the ferrite/austenite and cementite/austenite phases as 
indicated by the white arrows. Notice that each defect on the interface is associated 
with a fault in the austenite ahead of the growth front as indicated by the black arrows.
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Figure 6.4: Bright field image of defects along the growth interface between the 
ferrite/austenite phases as indicated by the black arrows. Notice that each step on the 
interface is associated with a fault in the austenite ahead of the growth front as
indicated by the white arrows.
Figure 6.5: Bright field image of defects along the growth interface between the 
ferrite/austenite phases as indicated by the arrows.
These observations seem to agree with those of Khalid and Edmonds (1993), who with the 
use of hot stage TEM, claimed that the steps at the pearlite growth interface are not growth 
ledges. Though a hot stage was not utilised during the current study, the interactions at the 
pearlite growth front and the parent austenite appear to have the same charaeteristics. The 
linear defects on the interface are not intrinsic growth steps but are extrinsic defects that are 
caused by the intersection of the growth interface with planar stacking faults in the austenite. 
Once the growth front interacts with the stacking faults in the austenite simultaneously it 
results in the formation of the defects on the ferrite and cementite phase, creating the 
appearance of growth ledges.
It should be noted that just because the identified steps are not being deemed as growth 
ledges, this does not mean that crystallography is unimportant in the growth process. The
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presence of facets at the growth interface undermines the very basis of the Zener-Hillert 
approaeh as the smooth interfacial curvature necessary for the operation of the Gibbs- 
Thomson effect is clearly not present at the lamellae tips.
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7 Reassessment of Pearlite Growth 
Mechanism
7.1 Chapter Synopsis
The purpose of the current chapter is to reassess the pearlite growth mechanism with the aid 
of the results obtained during this study and to propose an alternative growth mechanism for 
the eutectoid transformation.
To be able to propose an alternative pearlite growth mechanism, the Zener-Hillert approach, 
and the models that are extensions and modifications of the original model, and the Hackney 
and Shiflet ‘ledge mechanism’ need to be revaluated. Therefore, the current chapter will be 
split into several sections. Section 7.2 will revisit the results firom the current study and 
sections 7.3 through to 7.6 will assess how the results fit with the previously proposed 
theories of pearlite growth. Finally, section 7.7 will conclude by examining those features of 
pearlite growth that are coherent with the two standard models. Both of the standard models 
of pearlite growth will be shown to be unable to account for experimental observation. On 
this basis the requirements of a new model will be explored.
7.2 Key Findings from the Results
For the alloy investigated throughout this study, the data gathered has indicated that the 
active nucleus for the pearlite colonies is cementite that forms primarily along the grain 
boundaries. As the transformation continues the cementite and the ferrite form the pearlite 
colonies, and they grow sidewise along the grain boundaries and toward the centre of the 
grains. During the growth of the pearlite colonies, when a change in growth direction or a 
change in growth parameter occurs, the two growing phases behave as inter-penetrating bi­
phases and sidewise growth, by a process of branching, of either one of the phases takes 
place.
From the nanoscale compositional analysis of the growth interface of the pearlite colonies 
across the transformation temperature range investigated, it has been seen that the 
redistribution of Mn is happening along the growth fi-ont of the pearlite colonies, and not via 
long range diffusion ahead of the growth interface in the austenite.
During the nanoseale compositional analysis it was observed that along the growth front, the 
pearlitic phases have structural ledges that are associated with stacking faults within the 
austenite phase ahead interface. Along the interlamellar boundaries at areas where the
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lamellae appeared curved, it was seen that the interlamellar interface was not smooth and 
curved, but consisted of a series of steps that allowed the two growing phase to change 
direction.
Each of these observations has implications for establishing the overall mechanism of 
pearlite growth.
7.3 Site of Nucléation for Pearlite Colonies
Throughout the investigation of the pearlite colonies it has been observed that the colonies 
have originally been formed from regions of cementite at the original austenite grain 
boundaies. From these thin films, protrusions can grow out and form the pearlite cementite 
lamellae; therefore this is why it is believed that cementite is the active nucleus for pearlite.
These observations are in disagreement with the study conducted by Zhang and Kelly 
(2009). The alloy used in the current study is of similar eomposition to that of the Hadfield 
steel Zhang and Kelly (2009) used. A comparison of the compositions of the alloys is shown 
in Table 7.1.
Table 7.1: Composition of the alloys.
Elements (wt%)
C Mn Si Fe
Current study 1.15 ±0.02 11.55 ±0.39 0.27± 0.03 Base
Zhnng and Kelly (2009) 1.17 13.4 0.55 Base
Zhang and Kelly (2009) noted that Hadfield steel is a hypereutectoid alloy and by using 
convergent beam Kikuchi line beam diffraction patterns (CBKLDP) to determine the 
orientation relationship of the pearlite phases with the already existing phases, proposed that 
the active nueleus is ferrite, instead of cementite. When referring to the active nucleus, it is 
being defined as the first phase to form with a partieular lattiee orientation, that will be found 
in the pearlite colony, (Hillert 1962). The reason for this was due to a thin band of ferrite 
that had formed on the proeutectoid cementite had the same orientation as the pearlite ferrite 
lamellae.
From the limited number of micrographs from Zhang and Kelly (2009), examining the TEM 
micrograph shown in figure 7.1, it appears that the area selected is not from a typical pearlite 
colony but from an abnormal structure.
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Figure 7.1: TEM micrograph of the ferrite thin film (point A) and ferrite lamellae 
(point B). After Zhang and Kelly (2009).
When comparing SEM micrographs (figure 7.2) from this investigation with one from Zhang 
and Kelly (2009), both areas have been etched with 2% nital. Zhang and Kelly (2009), stated 
that the proeutectoid cementite had been removed, which should not be the situation when 
etching with nital. The proeuteetoid cementite should be retained as shown in a typical 
micrograph from this investigation (figure 7.2 (b)).
I
Figure 7.2: a) SEM micrograph of morphology of pearlite and the region where the 
proeutectoid cementite has been removed between area E and F. After Zhang and 
Kelly (2009). b) SEM micrograph of the morphology of pearlite with the proeuctectoid
cementite is retained.
When considering both of these issues and no clear evidence of the ferrite phase nucleating 
first during this investigation, it is still believed that cementite is the active nucleus for 
pearlite. This is in line with the proposal of Hillert (1962). As the proposal of Hillert (1962), 
was that the proeutectoid cementite is the first to transform along the grain boundaries and 
that due to a region of earbon depleted austenite, the formation of ferrite is fonued. When the 
ferrite reaches a hole or a discontinuity in the cementite network, the cementite can progress 
through the gap allowing the next cementite region to form. An illustration of Hillert’s 
explanation is shown in figure 7.3
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Figure 7.3: Illustration of Hiller F s explanation of branching mechanism. After Hillert
(1962).
This repetition of the cementite bridging leads to branching of lamellae to create a new 
lamella and as the colony grows this is repeated. The appearance of the branching and 
bridging is frequently observed in the colonies examined, an example of branching and 
bridging is shown in figure 7.4.
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Figure 7.4: SEM micrograph of the cementite phase indicating the branching 
mechanism and the holes in a Fe-C-Mn alloy.
From reviewing the observations, the question of the which approach explains pearlite 
growth, either the thermodynamic and kinetic based models or the ‘Ledge Mechanism’ of 
Hackney and Shiflet, currently cannot be answered as either mechanism could be possible. 
Therefore, other aspects of pearlite growth need to be considered before a judgement can be 
made.
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7.4 Redistribution of Alloying Elements
When trying to understand the mechanism for pearlite growth another aspect that needs to 
accounted for is the role of elemental alloying additions. As explained in section 2.6.5 to 
section 2.6.9, an elemental addition plays a role on the growth kinetics due to the way that 
the addition is redistributed during the transformation.
The different ways that the additions are redistributed are by either partitioning or by non­
partitioning of the alloy additions. Partitioning occurs in Orthopearlite formation. The 
alloying element partition between the two product phases and maintain local equilibrium for 
both carbon and the substitutional alloying addition at the growth interface between the 
product phases and the austenite. These conditions are known as orthoequilibrium 
conditions. When in orthoequilibrium the diffusion of the alloying addition is considered to 
be rate-controlling and the diffusion path for the redistribution is most likely by boundary 
diffusion along the growth interface.
A second possibility is non-partitioning. Non-partitioning occurs in Parapearlite formation, 
where the transformation rates are much faster and therefore the slower diffusing elements 
are unable to redistribute between the product phases. For the pearlite transformation to 
occur without the redistribution of the alloying elements, one of two conditions are required 
to be met.
One is the paraequilibrium condition, which assumes that local equilibrium is established 
just for carbon at the growth interface and that the alloying element does not have any role 
during the transformation apart from the necessary structural change.
The second condition known as the ‘no-partition local equilibrium’ condition, is when the 
transformation happens without partitioning but is still in full local equilibrium for both 
carbon and the alloying element at the interface. For this condition to happen a spike in 
composition, either positive or negative, of the alloying element is required in the austenite 
at the growth interface. It is, however, difficult to observe this experimentally as the gradient 
of the ‘spike’ can theoretically range from in terms of atomic spacing to a few nm.
From the compositional profiles conducted during the study and comparing the results with 
the mechanisms just described, it can be proposed that the formation of the pearlite colonies 
is by the Orthopearlite formation as the manganese is partitioning and being redistributed 
along the growth interface across the whole temperature range that was investigated.
To further support the data supporting full partitioning occurring across the temperature 
range examined, are past studies that have investigated partitioning. In these studies of
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pearlite, various studies observed a critical temperature when the partitioning process 
changes from partitioning to non-partitioning (Al-Sahnan et ah 1979), Ridley and Burgess 
(1984), Ridley (1984)). The method used to identify the non-partitioning temperature is to 
plot lamellar spacing versus transformation temperature and if there were any inflexions in 
gradient it would suggest a transition in partitioning mechanism and from figure 4.8, no 
change in gradient is present.
To be fully convinced of the partitioning mechanism, measuring the carbon redistribution is 
key, but currently this is not possible due to the difficulties in collecting reliable and 
reproducible data for carbon in STEM thin foils.
There are several techniques that can be used to measure bulk carbon composition such as 
spark optical emission spectroscopy and X-ray fluorescence spectroscopy, but none of these 
are suitable to measure the redistribution of carbon on a small enough scale. It has been 
demonstrated that by using atom probe tomography the redistribution of carbon can be 
plotted across interphase boundaries between austenite and ferrite (Thuillier, et al, 2006). 
Using atom probe tomography to profile carbon concentration across the growth interface in 
a pearlite colony seems possible but will require careful sample preparation using focussed 
ion beam fabrication.
Considering the findings of the redistribution of alloying elements, it is not currently 
possible to discount either the Zener-Hillert based models or the ledge mechanism as the 
operating mechanism that explains pearlite growth.
7.5 Diffusion Path
The diffusion path of the elements in the eutectoid transformation changes the kinetics of 
pearlite growth. It has been proposed that the diffusion of the elements can occur ahead of 
the growth interface via bulk diffusion within the austenite, this diffusion path is referred to 
as ‘volume diffusion’. The second diffusion path normally considered during growth is along 
the growth front of the pearlitic phases and the austenite, this diffusion path is referred to as 
‘boundary diffusion’.
It is common practice that when considering the diffusion path, to do this solely selecting 
either volume diffusion or boundary diffusion. Razik (1974) investigated Fe-C-Mn systems 
containing 1 and 2% manganese respectively. To be able to attempt to determine whether 
volume diffusion or interfacial diffusion of carbon is rate controlling, all data was deemed to 
be below the no-partitioning temperature where carbon is the only element diffusing. When 
the experimental data was compared with volume diffusion and boundary diffusion, as was
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done in the study by Razik (1974) as shown in figure 7.5, the volume diffusion model of 
Hillert (1957), has underestimated the growth rate. This discrepancy has also been observed 
during the works of Puls and Kirkaldy (1972) and Cheetham and Ridley (1973) that both 
investigated diffusion in plain carbon eutectoid steels. When considering boundary diffusion, 
the boundary diffusion approach has overestimated the growth rate. Therefore, it is apparent 
that neither volume diffusion nor boundary diffusion can be the sole rate controlling 
mechanism for pearlite growth if a Zener-Hillert mechanism is operative.
s  »so
saotoo
CROWTK RATE MM/SEC
. •. :
-•■CROWTH RATE MM/SEC'
Figure 7.5: a) calculated growth rates for the 1% Mn steel assuming volume diffusion 
or boundary diffusion of carbon as rate controlling mechanisms; b) calculated growth 
rates for the 2% Mn steel assuming volume diffusion or boundary diffusion of carbon 
as rate controlling mechanisms. After Razik (1974).
To investigate other possible diffusion mechanisms involved during pearlite growth, 
Nakajima, Apel and Steinbach (2006), conducted a multi-phase field study that included a 
diffusion path through the ferrite phase. The model considered diffusion of carbon through 
the austenite phase ahead of the growth interface but also considered the diffusion of carbon 
through the ferrite phase to the cementite phase. It was observed that the growth velocity was 
roughly four times higher than diffusion through the austenite. When plotting the simulated 
results against experimental results and the Zener-Hillert approach for carbon volume 
diffusion as shown in figure 7.6. The double diffusion approach considered by Nakajima, 
Apel and Steinbach (2006), did not reach the reach the growth velocities measured by the 
experimental data of Brown and Ridley (1969), and of Frye (1942), but the discrepancies 
were smaller than the single volume diffusion approach.
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It should be stated that although the results from the simulations have shown that the double 
diffusion approach has reduced the discrepancies between volume diffusion and 
experimental results. Diffusion through the ferrite to the cementite would create a 
microstructure where the cementite will thicken behind the growth interface and be tapered. 
The reason for the tapered cementite is the high diffusivity of carbon in ferrite compared to 
austenite, combined with the larger interface area between the ferrite and cementite but this 
type of microstructure has not be reported previously with any clear evidence.
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Figure 7.6: Dependence of growth velocity upon temperature. After Nakajima, Apel
and Steinbach (2006).
Nakajima, Apel and Steinbach (2006), is not the only study to examine different diffusion 
paths that may be rate controlling in the growth of pearlite.
To investigate the feasibility that pearlite growth could be controlled by a mixture of volume 
diffusion and boundary diffusion, Hashiguchi and Kirkaldy (1984) developed a model that 
combined volume diffusion and boundary diffusion. The Hashiguchi and Kirkaldy (1984), 
model was the first attempt at trying to deal with volume diffusion and interface diffusion in 
Fe-C alloys.
For the diffusion controlled growth, Hashiguchi and Kirkaldy (1984) assumed parallel mass 
transfer ahead of the interface and diffusion through the growth interface. It allowed for the 
Gibbs Thompson effect at the interface and for mechanical equilibrium at the interfacial 
junctions. To be able to consider both of the aspects important approximations needed to be 
implemented. The approximations were that interface between the product phases and the 
austenite were flat apart from in close proximity of the triple points. The second 
approximation was that the distribution coefficients were constant at the interface even 
through the interface energies are not expected to be identical. The third approximation was 
to assume (i) that the interface energy at the austenite/ferrite interface was proportional to the
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interface energy between the ferrite and cementite and (ii) the interface energy at the 
austenite/cementite was proportional to the interfaee energy between the ferrite and 
eementite.
Pandit and Bhadeshia (2011) adopted the same approach as Hashiguchi and Kirkaldy (1984), 
but in a simplified form. Pandit and Bhadeshia (2011), negleeted the effects of mechanical 
equilibrium at the interfacial junctions as they deemed that it would not have a signifieant 
effeet on the overall growth rate. To test the combined diffusion model, experimental data 
fi*om a study condueted by Brown and Ridley (1969), was used. Figure 7.7, illustrates the 
results of the combined diffusion model is a better match to the experimental data than prior 
work and it has shown that volume diffusion and boundary diffusion may be involved 
simultaneously during the growth of pearlite.
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Figure 7.7: Temperature versus pearlite growth rate plot for Fe-O.SC wt% steel. Solid 
lines are calculated. The data from Brown and Ridley (1969) based on particle size 
analysis. After Pandit and Bhadeshia (2011).
Based on the findings in this section, the development of the Zener-Hillert approach has 
reached a point that Pandit and Bhadeshia (2011), has ereated a model that correlates well 
with experimental data for a binary alloy. However, the model does not take into 
eonsideration features that have been observed at the interface. The issues with the growth 
interfaee and the effect on the growth of pearlite will be explained in section 7.6. Therefore, 
currently it is not possible to discard either the Zener-Hillert based models or the ledge 
meehanism being the operating mechanism.
7.6 Growth Interface
During the nanoscale eompositional analysis it was observed that along the growth front, the 
pearlitie phases have structural ledges that are associated with staeking faults within the 
austenite phase ahead of the interface. The ledges have along been observed in previous
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studies conducted by Hackney and Shiflct (1987), Zhou and Shiflct (1991), Khalid and 
Edmonds (1993) and Chairuangsri and Edmonds (2000). Shown below in figure 7.8 and 
figure 7.9 show the features similar to that observed in this study.
Figure 7.8: Micrograph of ferrite growth interface in a Fe-C-Mn alloy, treated for 
610°C for 12 hours. After Zhou and Shiflct (1991).
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Figure 7.9: a) Bright and b) dark field TEM micrograph showing linear striations on 
the pearlite ferrite(a)/austentite(y) interphase boundary caused by intersection between 
the interphase boundary and stacking faults in the austenite (at arrows). Cem denotes 
pearlitic cementite. After Chairuangsri and Edmonds (2000).
The presence of the features along the interface raises issues with understanding the growth 
of pearlite. The issues being; how do the ledges affect the growth of pearlite and are the 
ledges structural or are they steps?
The presence of defects at the growth interface undermines the very basis of the Zener- 
Hillert approach; this is due to the assumptions made in the original models of Zener and 
Hillert and any modified models. The assumptions were that the interface between the 
pearlitic phases and the parent phase was an incoherent interface, the lamellae tips were 
rounded and that the curvature contributed to the driving force and that atomic attachment 
was uniform along the interface. However, with the faceting, the interface is semicoherent
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and the smooth interfacial curvature necessary for the operation of the Gibbs-Thomson effect 
is clearly not present at the lamellae tips. These findings led to the models proposed by Lee 
(1988) and Whiting and Tsakiropoulos (1995) that considered the role of the features at the 
growth interface.
In the proposed model of Lee (1988), the following assumptions were made; the curvature 
contribution was still considered but atomic attachment solely occurred at the ledge risers. In 
the model proposed by Whiting and Tsakiropoulos (1995), the following assumptions were 
made; the interface was semi-coherent, curvature correction was not required (i.e. 
disregarding any role of the Gibbs-Thompson effect), atomic attachment solely occurred at 
the ledge risers and the interface shape was considered. Whiting and Tsakiropoulos (1995) 
also used a different approach for the diffiision mechanism operating by considering moving 
boundary interdiffusion. Moving boundary interdiffusion means that the diffusion is 
occurring when the growth interface is moving and that there is more than one diffusing 
element. To test the theory of moving boundary interdiffusion the first step was to limit the 
infinite number of possible (^ <5Db)o and Q pairs to a single pair. To be able to do that Whiting 
and Tsakiropoulos (1995) used the ‘absolute rate theory’, which models the dependence of 
growth rate on key parameters. For boundary diffusion using the ‘absolute rate theory’ it was 
proposed by Sundquist (1968) the growth rate can be expressed by Eq 14.
C„ =  c (A D ^ e x p (^ )  (Eq.l4)
where c is a constant, AT is the undercooling, R is the gas constant and T is the absolute 
temperature. Therefore plotting GJ{ATf against 1/7 for a range of eutectoid temperatures 
would produce a straight line once the correct eutectoid temperature was selected; an 
example of one of the plots is shown in figure 7.10.
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Figure 7.10: Plot of Gv/(A7)  ^versus 1/7 for a Fe-C alloy (each line corresponds to 
different assumed eutectoid temperature, in K). After Whiting and Tsakiropoulos
(1995).
From the straight line Q could be determined from the slope and the corresponding value of 
(5<5F>b)o was obtained from Eq 15.
log(5^Z)B)o=0.043358|2-15.186(Eq. 15)
Eq. 15 is calculated from the best fit line in figure 7.11 for the moving boundary 
interdiffusion data.
600 600400100 200
Q, kJmol’
■  csrbofi gmlm boundary dIffiision data {line 1}
A moving boundary înterdiffusîon data (line 2 )
X substitutional alloying element grain boundary diffusion (line 3}
Figure 7.11: Plot of {sôD ^ q against Q for a large number of iron, chromium, and nickel 
systems. After Whiting and Tsakiropoulos (1995).
To determine the boundary diffiision coefficient (5<5Z)b), it was calculated from Eq. 16
{sôDb ) =  (,sôDB)oexp (Eq. 16)
Whiting and Tsakiropoulos (1995), tested the three models and compared the results with 
experimental data from various alloys as shown in figure 7.12.
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Figure 7.12: a) Fe-C; b) Fe-2Ni; c) Fe-3Ni; d) Fe-2Si; e) Fe-2Co; f) Fe-0.4Cr; g) Fe- 
0.9Cr; h) Fe-1.4Cr; i) Fe-1.8Cr; j) Fe-lMn; k) Fe-2Mn; 1) Fe-0.3Mo. Comparison of 
predictions of Zener-Hillert (+), Lee et al (*), and new ledge approach (■) with 
experimental data (□) for various eutectoid steels. After Whiting and Tsakiropoulos
(1995).
From figure 7.12, it shows that generally the two ledge models of Lee (1988), and Whiting 
and Tsakiropoulos (1995) are in good agreement with the experimental data, compared with 
the Zener-Hillert approach, with the Whiting and Tsakiropoulos (1995), approach showing 
less discrepancies than the Lee (1988), approach. These findings indicate that the growth 
interface being faceted does contribute to pearlite growth.
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In addition to showing that the faceted interface could be a contributing factor to pearlite 
growth, Whiting and Tsakiropoulos (1995), highlighted that a moving boundary 
interdiftusion mechanism may be active. This is a logical approach as in ferrous alloys, iron 
needs to rearrange to achieve the formation of the ferrite and cementite. The rearrangement 
of iron will be a slower process than the necessary diffiision of carbon. However, the data 
Whiting and Tsakiropoulos (1995), used to calculate activation energies and diffusion 
coefficients was from work on discontinuous precipitation. The reasoning for validity of this 
data being selected is that the growth interface of pearlite moves at similar velocities and has 
a similar morphology to those of discontinuous precipitation transformations. Although with 
the selection of the data used, the method has shown the feasibility of using moving 
boundary interdiffiision data instead of stationary grain boundary diffusion data that is 
normally utilised.
Although the approach used by Whiting and Tsakiropoulos (1995), has indicated that the 
facets do contribute to pearlite growth, the model does have limitations when applying it to 
experimental data. The main issue is the ability to collect data for the height and length of 
the facets, as in most alloys the interface between the pearlite and the parent phase is 
destroyed during cooling after heat treatment.
By observing that the interface of the pearlitic phases are faceted, reintroduces the issue with 
the appearance of the striations ahead of the interface in the austenite. From observations in 
this study, when the facets were observed there were linear striations ahead of them in the 
austenite. This was also observed in a study by Khaild and Edmonds (1993), which 
concluded that the linear defects on the interface are not intrinsic growth steps but are 
extrinsic defects that are caused by the intersection of the growth interface with planar 
stacking faults in the austenite.
However this is in disagreement with the findings of Hackney and Shifiet (1987), and Zhou 
and Shifiet (1992), that found in some cases no stacking faults were observed in the austenite 
but while in others a significant number of stacking faults were intersecting the pearlite 
growth interface but had no relationship with the growth ledges. MacDonald (1993), 
concluded that the growth ledges could originate from the interaction with stacking faults 
and be the source of growth ledges. It is important to highlight that with the use of hot stage 
TEM, all of the studies that have observed the defects on the growth front have demonstrated 
that the defects are mobile during the growth of pearlite Hackney and Shifiet (1987), Zhou 
and Shifiet (1992), Khaild and Edmonds (1993).
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The findings in this section nndermine the very basis of the Zener-Hillert approach and any 
modified models that uses the assumption that the lamellae tips are rounded and that the 
curvature contributes to the driving force. Due to the observations that the ‘growth’ ledges 
may indeed be structural ledges created by defects ahead of the growth interface, also raises 
issues with the Hackney and Shifiet approach but it has highlighted that crystallography is 
important in the growth process.
7.7 Development of a New Mechanism for Pearlite Growth
Before considering an alternative mechanism for pearlite growth, it is important to compare
the kinetics models that are generally based on the Zener-Hillert model and the co-operative 
ledge mechanism proposed by Hackney and Shifiet.
The Zener-Hillert based approaches explain certain aspects of pearlite growth: the repeated 
nucléation and the feasibility of branching on the basis of diffiision based coupled instability 
and the changes in lamellar spacing. The change in spacing is due to a change in diffusion 
profile in response to changes in growth parameters, as sudden changes in growth parameters 
can lead to the formation of fresh lamellae or the termination of a lamella.
The main issues are that most models are generally based upon the Zener-Hillert volume 
diffusion and Zener-Hillert interface diffusion models. The issues are with the mathematics 
of the model, due to assumptions within the derivations and the requirement of a limiting 
criterion, which is needed, as there is no unique solution for the equations due the 
interdependence of growth rate and spacing. The assumptions are that the lamellar tips are 
curved and that the interfaces of the growing phases are incoherent with respect to the grain 
in which pearlite growth is occurring. Therefore, no consideration for the crystallographic 
effects at the growth interface or at the lamellar interphase interface is made.
Considering the ledge approach, it seems that it can explain more aspects of pearlite growth.
By considering the ledge mechanism and the nature of the growth interface, it is the case that 
at the interfaces of the growing phases there are defects which must be accounted for. 
Another observation is that the lamellar tips are not consistently curved as assumed by the 
Zener-Hillert approaches and therefore introducing errors into the models.
The ledge mechanism can explain the observations of branching and lamellar spacing 
changes. Due to the interaction between the growth ledges on the growth interface and the 
direction steps at the triple point. Any changes in the growth parameters will change the 
velocity of the growth ledges movement and therefore control the position of the triple point 
and interlamellar direction steps.
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An area the ledge mechanism can explain, where the Zener-Hillert based models fail, is 
lamellar curvature. It can be explained due to the direction steps maintaining a low energy 
boundary while the pearlite continues to grow so the interface is actually stepped and not 
curved as the evidence in the micrographs proves.
The merits and issues of both the Zener-Hillert approaches and the co-operative ledge 
approach as shown in Table 7.2.
Table 7.2: Summary of relative merits of classic and ledge growth views.
Phenomenon
Consistency with classic 
theory
Consistency with ledge 
hypothesis
Growth interface structure
Lamellar multiplication
Lamellar spacing adjustment
Apparent contradiction 
between lamellar curvature 
and interface anisotropy
Growth Kinetics
Choice of habit plane and 
orientation relationship
Poor, as docs not explain the 
presence o f the defects
Good, as can explain lamellar 
multiplication via branching 
and repeated nucléation
Good, as sudden changes in 
growth parameters can alter the 
diffusion paths and lead to 
termination or formation o f new 
lamellae 
Poor, it does not explain the 
presences o f the direction steps 
as they are considered irrelevant 
Anomaly concerning applicable 
diffusion data 
Poor, due to the premise that the 
approach neglects the 
importance o f crystallography
Good, but fails to account for 
the presence o f faults in the 
austenite 
Good, as it has can be explained 
by branching due to evidence o f  
direction steps located at holes 
in the product phases
Good, as the ledges will change 
velocity when there is a change 
in growth parameters
Good, as explain the need for 
direction steps to maintain low  
energy boundary 
Good, as has indicated the 
facets arc contributing
Good, as highlights the 
importance o f crystallography
From Table 7.2, the co-operative ledge mechanism consistently explains the observations 
that occur in pearlite growth, whereas the kinetic models are unable too. However, the 
evidence of the interaction of faults in the austenite and the product phases has indicated an 
issue with the co-operative ledge mechanism.
A possible alternative mechanism that has taken into consideration aspects from the previous 
proposed models is best explained with the aid of diagrams. The site of pearlite nucléation
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occurs primarily on austenite grain boundaries and very seldom within the grains themselves, 
and then only on impurities. The initiation of pearlite growth depends on whether the alloy 
system is hypoeutectoid/eutectoid/hypereutectoid. If the system is hypoeutectoid the active 
nucleus for the growth of pearlite is ferrite. The proeutectoid ferrite is the first to transform 
along the grain boundaries and that due to a region of carbon enriched austenite, the 
formation of cementite is formed. When the cementite reaches a hole or a discontinuity in 
the ferrite network, the ferrite can progress through the gap allowing the next ferrite region 
to form. For an alloy system that is hypereutectoid, the proeutectoid cementite is the first to 
transform and due to a region of carbon depleted austenite, the formation of ferrite is formed. 
When the ferrite reaches a hole or a discontinuity in the cementite network, the cementite 
can progress through the gap allowing the next cementite region to form. The process for the 
one of the product phases to extend growth through faults and discontinuous formation of the 
other product phase allow the branching mechanism to operate.
When the branching mechanism is operating it will cause a change in direction of the 
lamellae. To allow for change in direction of the lamellae the interlamellar boundary is made 
of a series of steps that at low magnification appear to form a smooth transition. However, at 
high magnification the more drastic the change in direction, the frequency of steps increases 
and the length of the steps decreases. An illustration of the interlamellar boundary is shown 
in figure 7.13.
Figure 7.13: Schematic drawing of the appearance of a smooth interlamellar boundary 
interface during a change of direction during growth with a high magnified region 
showing the interlamellar boundary consisting of a series on steps.
The reason for the interlamellar boundary of the product phases to be a series of steps/ledges 
is to maintain a low energy boundary interface during the transition of changing direction 
during growth. The stepped interface is the same operating mechanism as the direction steps, 
that was first discussed by Hackney and Shifiet (1987), during the proposed ‘co-operative’
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ledge mechanism. This aspect of Hackney and Shifiet’s proposed mechanism fits with a 
large volume of experimental data gathered from the interlamellar interface in many ferrous 
and non-ferrous pearlitic systems. In contrast to this, Hackney and Shifiet’s understanding of 
the growth interface are no longer convincing.
As pearlite grows into austenite it interacts with dislocations and faults that are present in the 
parent phase. The key interaction is with any stacking faults in the austenite, as when the 
pearlite growth front incepts a stacking fault it appears to initiate defects on the growth front 
of both pearlite phases.
However the theory of the interaction between the defects in the austenite and pearlite 
growth front is only based on the findings from this study. Whether the interaction is correct 
would require a detail investigation that analysed the orientation of the faults in the austenite 
and the relationship to the pearlite colony during the eutectoid transformation from 
nucléation. To investigate for similar interactions for other alloy systems both ferrous and 
non-ferrous would also be required but this would be problematic as in most alloy systems 
the growth interface is destroyed during the cooling stage of the heat treatment.
It has been shown that several models have been proposed, which try and explain the 
operative diffusion mechanism. From those models, the approach of Pandit and Bhadeshia 
(2011), demonstrated that both volume diffusion and boundary diffusion could be happening 
simultaneously during the growth of pearlite. However, because no consideration is made of 
the features of the growth front, especially that the interface is not curved, the model 
currently cannot be considered to confirm the precise operative diffusion mechanism.
To conclude, aspects based on the original theories of Zener-Hillert and Hackney and Shifiet 
will both need to be included in any new proposed mechanism of pearlite growth. Diffusion 
probably occurs via both volume diffusion and boundary diffiision simultaneously, 
depending on the temperature as per the Zener and Hillert approach. However, it is not clear 
that simple carbon diffiision can account for the kinetics of pearlite growth in high purity Fe- 
C alloys. Rather than the observations of (i) a faceted growth front and (ii) lamaller 
curvature, leading to a whole new ledge approach, these aspects need to be explored in a 
model which preserves the view that the addition of atoms occurs across the whole interface, 
rather than addition at ledge risers.
Further work is required to support and develop the new proposed mechanism for pearlite 
growth and this is discussed with other future work in chapter 8.
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8 Concluding Remarks
8.1 Introduction
The following section includes the conclusions from the current study and suggestions for 
areas for future work.
8.2 Conclusions
The overall objective of this study was to clarify the understanding of the mechanisms 
involved during the growth of pearlite. This was going to be achieved by determining the 
diffusion paths in operation during the growth of the pearlite colonies and by examining the 
growth interface between the parent phase and the growing phases.
During the study a total of 30 heat treatment conditions have been examined. The 
investigation included a series of experiments to understand the evolution of the pearlite 
colony during growth using a combination of Reflected Light Microscopy (RLM) and 
Scanning Electron Microscopy (SEM). From the initial 30 heat treatment conditions, 4 heat 
treatment conditions were examined further by using Scanning Transmission Electron 
Microscopy (STEM).
Over the temperature range of 640°C-500°C, it has been shown by that STEM can give 
valuable compositional data for the growing pearlitic phases and the parent austenite. The 
STEM composition profiles taken perpendicular to the retained growth interface have shown 
that full partitioning of Mn occurs across the temperature range investigated. This, together 
with the evidence from the compositional profiles parallel to the growth interface in the 
austenite, strongly indicates that the diffusion path for Mn is along the growth interface and 
not via volume diffusion in the austenite.
In addition to the composition profiles collected, it was also observed by using STEM that 
the structural features that appear at the growth interface are most likely artefacts created by 
stacking fault intersection with the growth interface and are not growth ledges.
It has been demonstrated that for the alloy system, Fe-1.2C-12Mn, the interlamellar spacing 
decreases as the undercooling is increased and during the course of isothermal heat treatment 
the growth velocity of the colonies slows, this is in common with previous studies in a 
variety of alloys.
Upon examination of the evolution of the early stages of pearlite growth it has strongly 
indicated that for the Fe-1.2C-12Mn alloy, the active nucleus for the pearlite colonies is
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cementite that forms primarily along the grain boundaries. Also when a change in growth 
direction of a colony occurs, the two growing phases behave as inter-penetrating bi-phases 
and sidewise growth, by a process of branching, of either one of the phases is in operation.
The data and observations from this study, together with the analysis of the literature show 
that neither the classic Zener-Hillert approach or the more recent ledge mechanism, proposed 
by Hackney and Shifiet, can solely explain all the data. Therefore is has been proposed that 
for any new pearlite growth mechanism, aspects based on the original theories of Zener- 
Hillert and Hackney and Shifiet will both need to be included.
8.3 Suggestions for Future Work
With regards to proposing a new growth mechanism for pearlite, additional studies of the 
pearlite growth interface at the spatial resolution afforded by STEM would provide valuable 
data. In particular a study of a system where a change in equilibrium conditions occurs 
would be of great interest. Additional experimental methods could be used, such as a double­
tilt holder with hot stage capabilities, able to operate up to 1000°C. This would help clarify 
the mobility and thus nature of the interfacial defects.
Because neither the Zener-Hillert or Ledge mechanisms adequately account for pearlite 
growth a new mathematical approach is required. This is challenging as previous models 
have relied on the assumption that the interface can be represented by curved lamellae tips. 
Such an assumption enables the identification and solution of diffusion equations because of 
the role played by the Gibbs-Thomson effect. The absence of such a simplifying assumption 
makes any alternatives complex, requiring an alternative modelling treatment.
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